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ABSTRACT 
This is a two-part thesis. Part 1 presents the seasonal and tilt angle dependence of soiling 
loss factor of photovoltaic (PV) modules over two years for Mesa, Arizona (a desert 
climatic condition). Part 2 presents the development of an indoor artificial soil deposition 
chamber replicating natural dew cycle.   Several environmental factors affect the 
performance of PV systems including soiling.  Soiling on PV modules results in a 
decrease of sunlight reaching the solar cell, thereby reducing the current and power output. 
Dust particles, air pollution particles, pollen, bird droppings and other industrial airborne 
particles are some natural sources that cause soiling. The dust particles vary from one 
location to the other in terms of particle size, color, and chemical composition. The 
thickness and properties of the soil layer determine the optical path of light through the 
soil/glass interface.   Soil accumulation on the glass surface is also influenced by 
environmental factors such as dew, wind speeds and rainfall.  Studies have shown that soil 
deposition is closely related to tilt angle and exposure period before a rain event. The first 
part of this thesis analyzes the reduction in irradiance transmitted to a solar cell through 
the air/soil/glass in comparison to a clean cell (air/glass interface). A time series 
representation is used to compare seasonal soiling loss factors for two consecutive years 
(2014-2016). The effect of tilt angle and rain events on these losses are extensively 
analyzed.  
Since soiling is a significant field issue, there is a growing need to address the problem, 
and several companies have come up with solutions such as anti-soiling coatings, 
automated cleaning systems etc. To test and validate the effectiveness of these anti-
ii 
soiling coating technologies, various research institutes around the world are working 
on the design and development of artificial indoor soiling chambers to replicate the natural 
process in the field. The second part of this thesis work deals with the design and 
development of an indoor artificial soiling chamber that replicates natural soil deposition 
process in the field.  
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PART 1 
SEASONAL AND TILT ANGLE DEPENDENCE OF SOILING LOSS FACTOR 
1.0 INTRODUCTION 
 
1.1       Background 
 
With the threat of global warming looming, and fast dwindling reserves of fossil fuel, the 
world is increasingly moving towards renewable and sustainable sources of energy. 
Photovoltaic (PV) technologies are one of the leading renewable energy technologies. 
Due to inherent device limitations that restrict efficiencies of these technologies to 15%-
20%, optimum performance is essential to remain competitive. The performance of a PV 
system depends on a wide range of factors. These include and are not limited to, balance 
of system components that are internal to the system, cell efficiency, environmental 
factors external to the system (dependent on geography and climatic conditions) etc.  
These factors influence the current and voltage of the PV module. The current is directly 
proportional to the irradiance incident on the solar cell. Soiling on PV modules reduces 
the amount of solar irradiance incident on a solar cell and hence the current. 
 
The characteristic deposition of dust on photovoltaic systems can be broadly classified 
under two categories; the built environment and the property of dust. Environmental 
factors include site specific factors such as location, activities in and around the 
installation, vegetation types and weather conditions. The built environment includes 
height of installation, orientation, tilt angles and surface finishes (furry, rough, adhesive 
residues and electrostatic build up). Soil particles range from 50-2000µm for sand, 2-50µ 
for silt, and are <2µm for clay, while the atmospheric dust particle sizes typically are in 
2 
the range of 0.001- 30µm (EPA, USA). The United States Department of Agriculture 
(USDA) classifies the soil surface of different regions based on land surveys. In addition, 
Particulate Matter (PM) as determined and classified by the EPA based on the Clean Air 
Act influences soiling. PM comprises solid or liquid matter dispersed in a gas or insoluble 
solid matter dispersed in a liquid that gives a heterogeneous mixture. A reference to PM 
has been made in several studies conducted across the world for soiling [1].  The Clean 
Air Act requires the EPA to determine air quality standards based on PM and other 
pollutants. The PM in an around a PV installation influences performance. PM10 and 
PM2.5 represent the concentrations of particles with diameter less than 10 and 2.5 microns 
respectively, in 1 m3 of air. The effect of PM10 in terms of grams of particulate 
accumulated per day on a 1m2 PV cover plate have been documented. 
Deposition of airborne dust is especially severe in desert regions. Water vapor mixes with 
soot or aerosols in the atmosphere and settles on surfaces. PV systems in desert regions 
that experience dust-storms are susceptible.  
 
When light travels from one medium to another it refracts at the interface. A photovoltaic 
module has multiple such interfaces, namely, air/glass, glass/EVA, and EVA cell. 
Refraction, reflection, and absorption at these faces results in a reduction of the light 
reaching the solar cell.  This reduction can be directly attributed to a drop in short circuit 
current (Isc). We do not link it directly to the power output of the cell as power is also 
affected by fill factor which heavily depends on the temperature and irradiance level. The 
accumulation of dust on PV systems adds another interface i.e. air/soil/glass that increases 
the chances of refraction, reflection and absorption of light before reaching the solar cell. 
3 
The angle at which the light is incident on the PV module with respect to its normal is 
known as the angle of incidence (AOI).  The AOI has a geometric and optical effect on 
Isc. 
 
The geometric effect is due the modules orientation with respect to the incident 
sunlight—cosine effect. The second is because of optical effects or surface characteristics 
of modules, referred to as “optical effects”[2]. Therefore, soiling, especially is dusty 
locations, reduces PV system performance. Cleaning and/or other solutions may or may 
not be lucrative. To ensure optimum annual energy production, low maintenance costs 
and reduce degradation (which may happen due to deposition of soil and salts at the 
bottom of tilted PV modules) it is imperative to understand the interplay between tilt angle, 
environmental factors, height of installation, wind speeds and humidity on the rate of 
soiling. In addition, evaluating the role of anti-soiling coatings and automated cleaning 
techniques will provide further insight into energy yield for installations in dusty 
environments.  
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1.2       Scope of Work 
 
Statistical analysis of data from a regional soiling station setup by Sandia National 
laboratory in association with Arizona State University Photovoltaic Reliability 
Laboratory (ASU-PRL). Soiling on a photovoltaic module affects the irradiance that 
eventually reaches the solar cell as it forms an additional interface between air and glass. 
Incident sunlight suffers reflection, refraction and/or absorption at this interface. Soiling 
loss factor (SLF) is the ratio of short circuit current for a clean cell (cleaned periodically) 
to that of a cell allowed to accumulate soil in the field without any cleaning. SLF is an 
interplay between dust frequency and intensity at the site, rain frequency and intensity at 
the site, height of installation, wind speed and humidity. This study analyzes 8 laminated 
sensors at tilt angles of 0°, 5°,10°,15°,30°,35°,40° and 45° based on SLF from October 
2014 – September 2016. The study investigates the effect of tilt angle on SLF for the 
period.  
The SLF is represented in the form of a time series for two consecutive years for a 
comparative study. In addition, SLF time series data for 2015 and 2016 is seasonally 
studied to determine an average rate of soiling per day for Mesa, Arizona (desert climate) 
to be used as a metric in part 2 of this thesis.  
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2.0 LITERATURE REVIEW 
 
The study of soiling on solar collectors and PV modules goes back almost 7 decades. After 
exposing thermal collectors with a tilt angle of 30° [3], a performance decrease of 4.7% in 
2 months was observed. Garg et al [4] observed the amount of deposited dust decreased 
with the increase of tilt angle. They surmised that daily cleaning is required for solar panels 
exposed to desert conditions.  The effect of particle size and amount of dust on the output 
of a solar panel was studied by Mohammad and Fahmy [5]. Subsequently, they summarized 
their result based on loss in transmission due to deposition. They found that smaller 
particles had a greater effect than larger particles on transmittance of glass. A major study, 
that bears similarity to the setup used for statistical analysis in this study, was used in Egypt 
[6] investigated dust deposition on 9 glass panels with different tilt angles. The effect on 
loss of transmittance was investigated for each day. They found that the rate of decrease in 
transmittance decreases with time. It was found that this eventually reaches saturation. The 
rate of loss was studied by Kimber [7]. A loss of 0.011 kWh/kW/day was detected between 
rain events. The soiling losses were correlated to loss of power. Ibrahim [8] studied the 
effect of dust deposition on Isc and Voc. It was found that there was a 2.78% and 0.863% 
reduction per day in Isc and Voc, respectively.  
ASU-PRL has conducted extensive research of dust deposition on PV modules and 
coupons. Jose Cano et al [9] found that tilt angle can be optimized or adjusted to slightly 
higher than latitude tilt to maximize the transmitted radiation to the solar cells and reduce 
the soiling losses. The experimental setup at Photovoltaic Reliability Laboratory of 
Arizona State University in Mesa, Arizona consisted of two sets of 9 mini-modules at 
6 
different tilt angles future time-periods. (0°,5°,10°,15°,20°,23°,30°, 33°, 40°). The 18 mini 
frameless modules were polycrystalline silicon cells rated at 1 watt (STC). Two mini-
modules were placed side by side (coplanar) at each tilt angle. The module on the left was 
cleaned every other day, whereas the cell on the right was never cleaned. The setup was an 
open rack configuration, to simulate real field conditions. The setup was mounted four and 
a half feet above the ground and away from structures to avoid shading. Average soiling 
losses for the uncleaned modules at different tilt angles was determined for the months of 
January, February, and March. Based on the Isc data which was corrected for the 
temperature difference between soiled and cleaned sensors from measured back sheet 
temperature and calibrated temperature coefficient of Isc for the individual sensors. The 
soiling loss represents the difference in daily solar insolation between the clean and dirty 
sensors due to soiling on the dirty modules. The study showed an increase in soiling loss 
with tilt towards the horizontal.  The soiling loss for 0o tilt was approximately 2.02%, 
whereas the loss was 1.05% and 0.96% for 23° and 33° respectively.  
Reduction of transmittance of glass superstrate was studied [10]. Their findings revealed 
that soil layer affects not only the irradiance but also the spectral distribution of incoming 
solar radiation. Spectral and AOI losses on naturally soiled [11] PV modules were 
investigated as part of future studies [2]. Test modules were designated as moderately 
soiled and heavily soiled. Losses were characterized based on spectral reflectance and 
quantum efficiency measurements. Short circuit current losses were found to be 10% for 
the moderately soiled modules and 41% for the heavily soiled modules.  
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3.0 METHODOLOGY 
 
Regional soiling stations were installed to systematically collect this data from five regions 
in the United States[12]. The sites are at U.S department of energy regional centers (RTC) 
in Albuquerque, NM; Golden, CO; Cocoa Beach, FL; and Essex Junction, VT. The fifth 
site is at ASU-PRL, Mesa AZ. Each station has two identical monocrystalline half cells cut 
from a single mono-crystalline cell. The tilt angles are 0o, 5o, 10o, 15o, 20o, 25o, 30o, 35o, 
40o and 45o. Each tilt angle has the two half cells mounted coplanar to each other (Fig 1). 
One of the cells is cleaned every other day whereas the other half is never cleaned. The 
only time the soiled sensor is cleaned is when there is rain. The extent of soil removal from 
the soiled coupon depends on the amount of rain.   The percentage loss in solar irradiance 
reaching the solar cell is called soiling loss (%). The ratio is determined by measuring the 
Isc for each half cell across precision low temperature current shunts (0.020 ohm each with 
TCR of ±20ppm/ºC). The two-half-cell coupon is identical to a PV module and contains 
solar glass, encapsulant, solar cell, encapsulant and back sheet. The coupons were specially 
designed by PV measurements Inc, Boulder Colorado. The system has a Data Acquisition 
System (DAS) that records the Isc data for each half cell every minute. 
 
Figure 1-Schematic representation of soiling station 
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For this thesis, data collected approximately between October 2015 and September 2016 
was analyzed and presented in comparison with the data obtained between October 2014 
and September 2015. The collected data is processed to obtain the soiling loss factor (SLF). 
The SLF is calculated as a ratio of short-circuit current or irradiance between the soiled 
half-cell and the clean half-cell laminated in a single coupon (two co-planar sensors) for 
each tilt angle. 
There was a problem with the sensors for 20º and 25°, so the data was ignored for the study. 
To determine the soiling loss factor, the short-circuit current ratio, instead of maximum 
power ratio, is considered as a true measure of soiling/optical loss as short-circuit current 
is directly proportional to irradiance as it does not depend on the cell quality or technology 
type at low irradiance levels and it requires only minimal or no temperature correction for 
the temperature difference between soiled and cleaned half-cells. 
The sensors used in these stations were specially constructed by PV Measurements Inc., 
Boulder, Colorado in consultation with ASU-PRL. The design is based on a typical split 
cell reference device but both half-cells measure short-circuit currents and the construction 
is identical to a commercial PV module containing solar glass, encapsulant, solar cell, 
encapsulant and backsheet. Each coupon (20cm x 20cm) consists of two half cells (15.6cm 
x 7.8cm each) which are perfectly and inherently coplanar to each other and separated by 
1cm. The short circuit current of each half-cell is determined by measuring the voltage 
drop across an integrated current shunt. Prior to deployment, all the sensors were 
simultaneously calibrated outdoors on a clear sunny day at noon by ASU to confirm and 
correct, if needed, the calibration factors and temperature coefficients supplied by PV 
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Measurements, Inc. The temperature of each half-cell is measured using a T-type 
thermocouple at the center of the backsheet for the minimal current correction for the 
temperature difference between half-cells within a sensor, though this correction may not 
be practically required as the temperature difference between the half-cells is small and the 
temperature coefficient for short-circuit current is negligibly small. 
A data acquisition system (DAS) monitors and records all data once a minute. The raw 
irradiance data is filtered to remove any data outside the 10AM to 3PM window. This 
window was determined to be optimum timeframe which minimizes significant influence 
of very high incident angle and low intensity light on soiled coupons. Each station is stand-
alone system and is powered by a 30 W PV module and a 12 VDC battery. The whole setup 
is mounted on a custom built, lightweight aluminum structure. 
The results of the statistical analysis for October 2015 – September 2016 were compared 
to results from a previous study for the period October 2014 – September 2015. The soiling 
losses within a drought period were analyzed and the percentage average soiling loss/day 
was calculated. The percentage soiling loss/day was compared to the percentage drop in 
Isc for a coupon soiled in the artificial soiling chamber (Part 2 of this thesis). This 
comparison yielded an estimate of the relation between the percentage drop in Isc for 
drought days in the field with natural deposition as compared to soiling in the artificial 
chamber.  
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4.0 RESULTS AND DISCUSSIONS  
 
The percentage losses were calculated for each tilt angle between 10am – 3pm. The losses 
were calculated based on the following formula: 
 
𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝑛𝑠𝑜𝑙𝑎𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠𝑒𝑠 (%) =
(∑ 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝑆𝑜𝑖𝑙𝑒𝑑 𝑐𝑒𝑙𝑙−∑ 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑜𝑓𝐶𝑙𝑒𝑎𝑛 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐶𝑒𝑙𝑙 )
(∑ 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 𝑜𝑓 𝐶𝑙𝑒𝑎𝑛 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝐶𝑒𝑙𝑙)
×100   
 
 
The data was filtered to account for irradiance values between 10am to 3pm. The period 
analyzed was October 2015- September 2016 and compared with the data obtained 
between October 2014 and September 2015. For this study, we calculate soiling losses 
based on the measurement of Short Circuit Current (Isc) that is subsequently translated to 
irradiance values.  There are two ways in which AOI affects soiling losses, namely, the 
cosine effect – the modules orientation with respect to the incident sunlight[2]. The second 
is due to optical effects or surface characteristics of the coupon. These losses are minimized 
during solar noon[2][13]. A detailed study has been done on the change in quantum 
efficiency curves for a small crystalline silicon cell encapsulated with EVA [11].  The 
influence of time of day, tilt angle and AOI will be investigated further in the following 
sections.  
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The data for the period between October 2015 and September 2016 was filtered to compare 
soiling losses on the basis of time of day. The data was divided into three periods – 9am – 
10 am, 12pm – 1pm and 2pm – 3pm. The angle of incidence of incident solar irradiation 
changes as the day progresses. At solar noon in a particular region, the angle of incidence 
to a coupon at latitude tilt is 0 degrees. On either side of solar noon, the AOI increases, 
with high angle of incidence between 9am-10am and 2pm-3pm. The dependence of SLF 
on tilt angle for each time of day was plotted for October 2015 – September 2016.  
Data for coupons tilted at 20º and 25º was erroneous and has been left out from all the plots 
in this study. Insolation losses for each tilt angle were plotted as the ratio of average 
insolation of the soiled cell to that of the clean (ref) cell (Fig 2 ). 
 
Figure 2- Soiling loss factor dependence on high AOI: 9am – 10am (October 2015-
September 2016) 
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The results showed that soiling losses decreased with increase in tilt angle.  
One way ANOVA of SLF for each tilt angle was used to determine whether the means 
differ. We used the following hypothesis  
H0 : µ0=µ5=µ10=µ15=µ30=µ35=µ40=µ45  
H0 : At least two means differ from each other 
Form Fig. A 1, the f value and p value are significant. This indicates that atleast two of the 
means differ from one another. Hence, we reject the hypothesis. Therefore, the soiling rates 
for each tilt angle are different and tilt angle should be considered as a factor in analysis. 
 
Figure A 1: Results for one way ANOVA for SLF of each tilt angle 
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Percentage average insolation losses for each tilt angle were computed for selected time of 
day intervals. The percentage of insolation losses shows a decrease in losses with increased 
tilt angle between 9am – 10am (Fig 3). 
  
Figure 3- Percentage relative soiling losses for all tilt angles at high AOI (9am – 10 am) 
(October 2015-September 2016) 
A time series representation shows the dependence of SLF on AOI for different tilt angles 
for time of day 9am – 10am (0º, 30º and 45º) (Fig 4). Time series representations were 
plotted using R software. The negative slopes in the time series represent periods of 
increased soiling. A sharp change from a negative slope to a higher SLF value represents 
a rain event. The SLF value can reach 1 if there is sufficient rain intensity 
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Figure 4 – Time series plot for dependence of SLF on AOI (9am – 10 am) 
 
Percentage of relative insolation losses for 9am – 10 am were compared to soiling losses 
between 12pm – 1pm and 2pm – 3pm. Subsequently, average insolation losses were 
computed for 12pm – 1pm (Fig 4). To compare results percentage of average insolation 
losses between 12pm – 1pm were plotted against each tilt angle (Fig 5).  
 However, time of day plays an important role in terms of angle of incidence onto the 
coupons. In addition, the thickness of the soil layer deposited on the coupon varies based 
on the time since the last rain event and environmental factors. Hence, the light transmitted 
to the solar coupon is an interplay between several factors.  
Between 12pm -1pm, AOI is lower and therefore there is less scattering of light at the 
air/soil/glass interface. In addition, at high angles of incidence a shadow of the dust particle 
is cast onto the coupon. The length of the shadow increases as the AOI increases[14]. A 
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comparison between soiling losses at 9am-10am with high AOI and losses between 12pm 
– 1pm with low AOI shows a significant difference in soiling losses. Soiling losses between 
12pm - 1pm are lower than losses between 9am – 10am.  
 
Figure 5- Soiling loss factor dependence on low AOI for all tilt angles – 12pm-1pm 
(October 2015-September 2016) 
This conclusion can be drawn from the plots for average insolation losses and percentage 
of relative insolation losses for October 2015 – September 2016 (Fig 5) and the time series 
plot (Fig 7).  
Insolation losses between 12pm – 1pm decreased with increase in tilt angle as seen for 9am 
– 10am. A time series representation shows the dependence of SLF on AOI for different 
tilt angles for time of day 12pm – 1pm (0º, 30º and 45º). Time series were plotted using R 
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software. The time series representation shows a decrease in soiling with increase in tilt 
angle for 12pm – 1pm (Fig 6).  
 
Figure 6 - Time series plot for dependence of SLF on AOI (12pm – 1 pm) 
 
Figure 7- Percentage relative soiling losses for all tilt angles at low AOI (12pm – 1pm) 
(October 2015-September 2016) 
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With lower AOI we find a decrease in the ratio between irradiance reaching a clean cell to 
that reaching the soiled cell.  
We have further investigated this effect at time of day between 2pm and 3pm (Fig 8).  
A similar trend was observed for time of day between 2pm – 3pm, with decrease in soiling 
losses as the angle of tilt of the coupon is increased.  
The decrease in soiling losses can be seen in the time series plot (Fig 9) for dependence of 
SLF on AOI (2pm – 3pm) (Fig 9).  
The percentage of insolation losses for the soiled coupon vs the clean cell was computed 
for each tilt angle (Fig 10).   
 
Figure 8- Soiling loss factor dependence on AOI all tilt angles 2pm – 3pm (October 
2015-September 2016) 
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Figure 9 - Time series plot for dependence of SLF on AOI (12pm – 1 pm) 
Percentage relative soiling losses between 2pm – 3pm were higher as compared to losses 
between 12pm – 3pm. The results showed that the increased AOI between 2pm – 3pm were 
responsible for increased soiling losses at that time of day.  
 
Figure 10- Percentage relative soiling losses for all tilt angles 2pm – 3pm 
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Percentage soiling losses between 2pm – 3pm were higher as compared to losses between 
12pm – 3pm. The results showed that the increased AOI between 2pm – 3pm were 
responsible for increased soiling losses at that time of day.  
In comparison, soiling losses between 2pm – 3pm were lower than losses between 9am – 
10am (Fig 11). 
 
Figure 11- Percentage soiling losses based on AOI for time of day - (October 2015-
September 2016) 
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soiled cell. The light eventually transmitted to the solar cell will be different for the clean 
cell vs the soiled cell due to a change in interface created by the soil layer.  
One way ANOVA of SLF for each tilt angle for dependence on time of day was used to 
determine whether the means differ. We used the following hypothesis  
H0 : µ9-10=µ12-1=µ2-3 
H0 : At least two means differ from each other 
Form Fig. A 2, the f value and p value are significant. This indicates that at least two of the 
means differ from one another. Hence, we reject the hypothesis. Therefore, the soiling rates 
for each tilt angle are different and time of day and tilt angle should be considered as factors 
in analysis of soiling losses. 
 
Figure A 2: Results for one way ANOVA for SLF of each tilt angle for time of day 
dependence (R code and output) 
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The position of the sun in the sky determines the AOI on the photovoltaic coupon. For an 
observer facing north, in the northern hemisphere, the angle between a line drawn straight 
above the observer and the sun is the zenith angle. Since the earth is a sphere, the altitude 
of the sun is not enough to determine its exact position in the sky. The altitude traces out a 
circle as a section on the sphere. The suns position can be anywhere on that circle. To 
determine the position accurately, we measure azimuth which is a projection onto the 
horizon. The angle between the point where the projection intersects the horizon and 
north/south is the azimuth angle. The position of the sun changes throughout the year and 
affects angle of incidence onto the photovoltaic coupon.  
Previous studies [11][2][15] have shown that, soiling losses are reduced as the angle of 
incidence is reduced. Soiling losses should be the least when the rays are normal to the 
surface of the photovoltaic coupon. Our findings have shown that soiling losses are least 
between 12pm – 1pm for Mesa, Arizona (for all tilt angles October 2015 – September 
2016). Hence, the results concur with previous findings.  
A time series representation of soiling loss factor over the period of October 2015 – 
September 2016 for zero degree and 35-degree tilt (Fig 21 and Fig 22) shows that soil 
deposition accrues within a drought period. Rain events play a crucial role in partial or 
even complete removal of soil deposited on the coupon. This is dependent on the frequency 
and intensity of rain events.  
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Within a drought period, soiling losses increase as dust accumulates on previously 
deposited soil layers and further reduces the insolation to the soiled cell. Based on the time 
series representation, and knowledge of rain events from weather data (NOAA)  we divided 
the year into drought periods (Table 3) and examined soiling losses for each tilt angle 
within these periods.  
The longest drought interval for October 2015 – September 2016 was between February 2 
and April 7 2016. Percentage soiling losses for each tilt angle were plotted for this dry 
period (Fig12). 
Figure 12- Percentage soiling losses for drought period Feb 2–Apr 7 (10 am- 3pm), 2016 
From the plot, we see that soiling losses over the drought period decrease with increase in 
tilt angle. To expand on our initial findings, we examine time of day losses within the 
drought period. Time of day losses for 9am – 10am were calculated for each tilt angle for 
February 2 – April 7, 2016 (Fig 13). Highest losses were calculated for 0º tilt. Losses for 
zero tilt were 4.02% for the period corresponding to 0.06%/day.  
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Figure 13- Percentage relative soiling losses drought period Feb 2- Apr 7 (9am- 10am), 
2016 
The soiling losses are quite high for the coupon at zero-degree tilt. The losses during the 
longest drought period are 6.2%. The drought period was for 64 days (not including the 
end days) and this translates to losses of 0.09% per day. Soiling losses decreased with 
increase in tilt angle. Soiling losses for the coupon at 45-degree tilt were 4.3% over the 
period.  
Soiling losses for time of day between 12pm – 1pm for February 2 – April 7 were computed 
for each tilt angle. From those results, percentage soiling losses for each tilt angle were 
calculated for 12pm – 1pm (Fig 14) and 2pm – 3pm (Fig 15) for the drought period. 
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Figure 14 – Percentage relative soiling losses drought period Feb 2- Apr 7 (12pm- 1pm), 
2016 
The highest losses were recorded for the coupon at zero-degree tilt. The losses were 3.8% 
over the period (February 2 – April 7, 2016), and 0.05%/day. The soiling losses between 
12pm – 1pm are lower than the losses at 9am – 10am for all tilt angles in keeping with our 
initial findings. Percentage soiling losses for 2pm – 3pm were lower than 9am- 10am (Fig 
15) 
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Figure 15 – Percentage relative soiling losses drought period Feb 2 - Apr 7 (2pm- 3pm), 
2016 
For the next part, we examine the effect of time of year (seasonal variation) on soiling 
losses for each tilt angle. Based on the time series and weather data, the period was divided 
into four drought periods spaced out over the year (Table 2). Since factors (humidity, wind 
speed, temperature and dew point)[16] [17] will vary based on time of year, breaking down 
the period into smaller drought intervals would give us an idea of rate of soiling. Since 
soiling is time dependent, it was important to find equal intervals of drought and ensure 
that each interval was large enough to make statistically significant assumptions. The 
nature of rain events (Table 1) made it hard to find equally long drought periods with large 
enough datasets. Nonetheless, the study analyzed rate of soiling during 3 drought periods 
(February 2 - February 26, 2016; August 28 – September 29, 2016; November 17 – 
December 10, 2016) for October 2015 – September 2016. 
 Percentage soiling losses were compared for each tilt angle for each tilt angle for the 
respective drought periods (Fig 16).  
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Table 1: Rain days for Oct 2015 – Sept 2016 
Rain Days 
October 5,6,16,17,29 
November 3,4,15,16 
December 11,12,14,22,23,24 
January 4,5,6,7,8 
February 1 
March No Rain 
April 8,10 
May 7, 
June 27, 
July 1,29 
August 1,2,9,11,19,23,26,27 
September 20,22 
 
Table 2 –Drought periods 
 
Drought Periods 
Period 1 Feb 2 – Feb 26 
Period 2 Aug 28 - Sept 19 
Period 3 Nov 17 - Dec 10 
 
Percentage relative soiling losses were computed for each drought period (Fig 16). The 
period between Nov 17 – Dec 10, showed the highest soiling losses for the same number 
of drought days. The periods were selected with the first day of each period being the first 
day after a rain event.  
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Figure 16 - % relative soiling loss comparison for all tilt angles-Feb 2- Feb 26, 2016, 
Aug28-Sept19, 2016, Nov17 - Dec10, 2015 
 Figure 16, provides a graphical comparative representation of soiling losses for each tilt 
angle. The losses were calculated averaged out for each respective drought period to 
compare soiling losses per day (Table 4). We see that soiling losses are more for the 
period between Nov 17 and Dec 10, 2015.  
A summary of finding from the analysis is given in Table 4.  
Table 3 – Summary of drought period analysis 
Tilt Angle Period Days Cumulative 
Relative Losses 
(%) 
%Loss/day 
0-degree Feb 2 – Feb 26 24 2.6 0.10 
Aug 28 – Sept 19 23 1.3 0.05 
Nov 17 – Dec 10 24 2.7 0.11 
5-degree Feb 2 – Feb 26 24 2.8 0.11 
Aug 28 – Sept 19 23 0.9 0.03 
Nov 17 – Dec 10 24 3 0.125 
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10-degree Feb 2 – Feb 26 24 2.2 0.09 
Aug 28 – Sept 19 23 0.9 0.03 
Nov 17 – Dec 10 24 2.3 0.09 
15-degree Feb 2 – Feb 26 24 2.2 0.09 
Aug 28 – Sept 19 23 1.1 0.47 
Nov 17 – Dec 10 24 2.3 0.09 
30-degree Feb 2 – Feb 26 24 1.8 0.07 
Aug 28 – Sept 19 23 1 0.04 
Nov 17 – Dec 10 24 1.9 0.07 
35-degree Feb 2 – Feb 26 24 1.5 0.06 
Aug 28 – Sept 19 23 0.7 0.03 
Nov 17 – Dec 10 24 1.6 0.06 
40-degree Feb 2 – Feb 26 24 1.7 0.07 
Aug 28 – Sept 19 23 0.6 0.02 
Nov 17 – Dec 10 24 1.8 0.07 
45-degree Feb 2 – Feb 26 24 1.7 0.07 
Aug 28 – Sept 19 23 0.5 0.02 
Nov 17 – Dec 10 24 1.8 0.07 
 
Relative Percentage soiling losses per day were highest for the period between Nov 17 and 
Dec 10.  However, for the same duration the percentage relative soiling losses for Feb 2 – 
Feb 26 were almost as high as the Nov – Dec period. Percentage relative soiling losses for 
August 28 – September 19 were lower than the other two drought periods.  
The increase in soiling rate between Nov 17 and Dec 10, 2015 was analyzed in conjunction 
with relative humidity during that period in Mesa, Arizona (Fig 16B).  
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Figure 16B – Comparison of avg. relative humidity (%) for tilt angle for drought periods 
Nov 17 – Dec 10, 2016, Feb 2 – Feb 26, 2016, Aug 28 – Sept 19, 2016,  
 
The average relative humidity for the period between Nov 17 and Dec 10, 2016 is higher 
than the other drought periods. We cannot assume to any statistical significance that 
increase in humidity is the sole contributing factor. For further studies a one-way 
ANOVA will need to be performed to determine significance. In addition, we would need 
to analyze factors such as wind speeds, temperature, height of installation and perform a 
multi-way ANOVA to draw conclusions.  
While estimating losses for a photovoltaic system, designers usually consider peak sun 
hours. Peak sun hours are the number of hours in a day when the irradiance on a solar cell/ 
module is 1000 W/m2. Since energy output at these irradiance levels is used for determining 
performance index (with correction for soiling losses), the study is extended to include 
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losses when incident irradiance is equal to or greater than 800 W/m2 (Fig 17).  The period 
between 10 am to 3pm is considered peak sun hours for Mesa, Arizona.  
 
Figure 17- Percentage soiling losses for 10am – 3pm all tilt angles October 2015 – 
September 2016 
From the plot (Fig 17), we notice a decrease in soiling losses with increase in tilt angle. 
For the drought period analyzed the soiling losses decrease with increase in tilt angle. 
A time series analysis shows downward peaks for periods of drought. After a rain event, 
there is an exponential change and the SLF is reset to 1. An SLF of 1 means, the irradiance 
reaching the soiled and clean cell is the same (Fig 18). 
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Figure 18- Percentage soiling losses for low AOI: 12pm – 1pm 
The time series representation shows the change in SLF for each tilt angle. The SLF 
decreases steadily until the 21st of March, this could be due to high wind speeds or a light 
drizzle at the time. A dashed line indicates this.  
Negative slope: The magnitude of negative slope increases as tilt angle decreases. The 
magnitude of slope gives the rate of soiling for the period between rain events. From the 
Upward Peak 
indicating a rain 
event  
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graph, we can see that the SLF value is lower for lower tilt angle, indicating decreased 
irradiance values for coupons with lower tilt over the same drought period.  
Positive slope: The magnitude of positive slope provides insight into the rate of cleaning 
soon after a rain period. The slope increases with increase in tilt angle, eluding to the fact 
that cleaning from a rain event isn’t as effective for 0° Tilt as it is for higher tilt angles.  
The maximum percentage soiling losses for this period were observed for 0 (Fig 19) and 
5- degree tilt angles.  
 
Figure 19- Percentage soiling losses for low AOI: 12pm – 1pm 
The time series representations (Fig 20 and Fig 21) compare soiling losses between 
similar periods for 0º degree tilt and 35º tilt for the entire period October 2015 – 
September 2016. The representation shows the soiling losses per day for each period. The 
time series provides a graphical representation of the results discussed earlier (Fig 22).  
 
Time Series representation of soiling losses – Yearlong Mesa, Arizona 2015 – 2016 
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Figure 20- Percentage soiling losses for low AOI: 12pm – 1pm 
 
Figure 21- Percentage soiling losses for low AOI: 12pm – 1pm 
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Figure 22- Time Series representation of Soiling Losses Yearlong Mesa, Arizona 2015 -
16 
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Comparison of Yearlong soiling losses 2014 - 2015 and 2015 – 2016 [18] 
 
Figure 23- Time Series representation of Soiling Losses Yearlong Mesa, Arizona 2014 -
15 
 
Figure 24- Time Series representation of Average Soiling Losses Yearlong Mesa, 
Arizona 2015 -16 
Time series comparison between losses for 0º tilt and 35º tilt were plotted on the same  
Time series Representation of SLF for October 2014 – September 2016  
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The time series representation shows the variation of SLF for the two-year period October 
2014 – September 2016. The negative downward slopes represent periods of soiling.  
 
Figure 25 – Time series representation for SLF for October 2014 – September 2016.  
 
From Fig 25, we can see that the negative downward peak is nearly the same for the period 
between Nov 17 – Dec 10, 2015 and Feb 2 – April 7, 2016. Although, the drought periods 
differ in length. Certain factors (scope for future work) prevalent in the Nov 17 – Dec 10 
period increase the rate of soiling.  
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5.0 CONCLUSIONS 
 
The soiling losses for the years 2015 and 2016 can be summarized as shown in Table 6. 
Table 4-Summary of soiling losses/Day for zero degree tilt 
Season 2015 2016 
Winter 0.03%/Day 0.03%/Day 
Spring 0.05%/Day 0.04%/Day 
Summer 0.06%/Day 0.01%/Day 
Fall 0.02%/Day 0.02%/Day 
 
The soiling losses for 0-degree tilt for the winter period is the same for the years 2015 and 
2016.  
Soiling losses for 2016 for Summer is much lower than 2015. Since rain events play a 
crucial role in terms of reducing soiling losses we can compare the amount of rainfall (in) 
for this period (Table 7).  
Table 5- Rainfall for 2015 and 2016  
Season 2015 2016 
Summer 1.41 in. 1.94 in. 
 
The rainfall recorded for summer 2016 was higher than the rainfall received for the same 
period in 2015 (Table 8).  
Table 6-Comparison of rain days 2015 and 2016  
Rain Days – Summer 2015 2016 
June 10 27 
July 3, 14, 18 1,29 
August 7, 11, 25 1,2,9,11,19,23,26,27 
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From Table 7 it is clear, 2016 had 11 rain days in summer as opposed to 7 rain days in the 
summer of 2015. In addition, the precipitation recorded for June 10 and July 03, 2015 is 
0.01 in. This difference in rainfall is responsible for lower soiling losses in summer 2016. 
On similar lines, the soiling losses for spring 2016 are much higher than the losses for 
2015. Feb 2 – Apr 7, 2016 was the longest dry spell recorded between the two years.  The 
soiling losses recorded for zero-degree tilt coupon was 0.06%/day. 
Summary of soiling losses for comparison to artificial soiling taken based on the coupon 
at zero-degree tilt since the coupon in the chamber is placed at the same tilt angle. The ratio 
between Isc measured in the solar simulator for the clean and soiled coupon is compared 
to SLF. The number of drought days is determined based on the percentage average 
insolation losses for zero-degree tilt for the period between Feb 2 and Apr 7 which was the 
longest dry spell and therefore the best approximation for decrease in Isc over an extended 
dry period (Table 7).  The results from Table 7 can be used as a comparison in indoor 
soiling (Part 2).   
Table 7 – Comparison of outdoor soiling (0o tilt; Feb2-Apr7) for indoor AZ reference soil 
deposition  
Metric for 
assessment 
Number of drought Days 
(Calculated) 
 
Soiling Loss Rate in 
Worst Tilt (0o) and 
Worst Dry Period  
(Feb2-Apr7, 2016) 
Percentage 
Soiling Losses 
64 0.07%/day 
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For a more accurate prediction of number of drought days, we may need time series data 
for at least 8 to 10 years. Such data is required to adequately capture the seasonality of 
rainfall patterns that define drought periods. 
 Weather data used for the study was collected from the NOAA (National Oceanic and 
Atmospheric Administration) website.  
Average annual soiling loss for each tilt angle was calculated between the periods of 
December 2014 and December 2015, and October 2015 and September 2016 (Fig 25A and 
Fig 25B). The average insolation losses for these periods can provide useful information 
while designing systems. At present, the average soiling loss irrespective of tilt angle, 
location of site and environmental factors is typically taken as 3% in PVsyst.  
 
Figure 25A – Average insolation losses for all tilt angles in Dec 2014 – Dec 2015 
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Figure 25B – Average insolation losses for all tilt angles in Oct 2015 – Sep 2016 
 
6.0 RECOMMENDATIONS  
 
Soiling analysis for each of the tilt angles can be carried out as a multivariate regression 
analysis. Soiling, however, is also a function of time i.e. a value of SLF within a drought 
period depends on the previous value. Therefore, it is necessary to develop a method to 
link factors such as dew point, and wind speed to SLF in a way that factors in time.  
If we have soiling data for 8-10 years, we can perform a time series analysis and fit a model 
to predict soiling losses over an entire year and probably drought periods and rain events 
based on weather data.   
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PART 2 
DEVELOPMENT OF ARTIFICIAL SOIL DEPOSITION CHAMBER 
REPLICATING NATURAL DEW CYCLE 
 
1. INTRODUCTION 
 
1.1 Problem Statement 
 
Soiling in the field is a long and unpredictable process. Deposition times vary based on 
environmental factors such as wind speed, rainfall etc. Previous studies have shown that 
soiling is the major factor for performance loss in PV systems after irradiance and 
temperature. To effectively tackle the issue of soiling through solutions such as anti-soiling 
coatings, automated cleaning systems and so on, there is a need to replicate the field 
conditions in the lab. The development of an artificial indoor soiling station,that can 
replicate soiling in the field will be extremely beneficial to test these anti-soiling coating 
technologies. The method employed for soiling must be capable of depositing soil particles 
of varying density and composition, which are based on regions. In addition, the process 
must be repeatable and reproducible, only altering the thickness and properties of the soil 
layer based on the region of collection (soil particles), environmental factors (simulated in 
the chamber), and uniformity of deposition. Optical characterization, IV curves and 
microscopic slide method (for density and uniformity of deposition) are used to assess the 
deposited soil layer.  
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1.2 Objective 
 
The previous studies at ASU-PRL standardized a method for uniform soil deposition, using 
humidity deposition method and dew deposition method. The method was carried out in 
separate chambers and had a large cycle time. There was the need to combine both 
processes into one chamber and optimize the cycle time. This required the design of a a 
single chamber setup within which, both heating and cooling of the coupon was possible 
(these processes were carried out in separate chambers before). The deposition of soil was 
to be uniform and the density (g/ m2) within a specified standard deviation over repeated 
cycles.  
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2. LITERATURE REVIEW 
 
Soiling on photovoltaic modules is a cause for performance loss. The evaluation of factors 
affecting deposition is important to understand the quantum of loss as well as predict future 
performance. The nature and rate of soil accumulation is location specific. Natural 
accumulation of grime is time consuming and there is a need to develop an artificial soiling 
method to accelerate soil deposition onto a PV superstrate. To emulate deposition in the 
field, the dust can be acquired locally and the weather conditions within the indoor settings 
can be adjusted to match that region. Burton and King of Sandia National Laboratories 
developed a technique to apply artificial soiling with NIST-traceable components using an 
aerosol spray technique [19]. Arizona Road Dust (ISO 12103-1, A2 Fine Test Dust nominal 
0-80 micron size, Powder Technology Inc.) was mixed with a soot mixture composed of 
83.3 % w/w carbon black, (Vulcan XC- 723, Cabot Corp, Boston, MA); 8.3 % diesel 
particulate matter, (NIST Catalog No. 2975); 4.2 % unused 10W30 motor oil, 4.2 % α-
pinene, (Catalog No. AC13127-2500, Acros Organics) in a glass jar and tumbled without 
milling media in a rubber ball mill drum at 150 rpm for 48 to 72 h. Iron oxides, including 
commercial Fe2O3 (Sigma Aldrich, 99.98% trace metals basis) and in-house synthesized 
gothite [FeO(OH)] were incorporated as the primary spectral components. Variations in 
grime composition were produced by mixing major optical components into the grime 
mixture. The test substrate was Schott borofloat glass which was cleaned with a 
commercial degreaser and rinsed in distilled water followed by ethanol (Sigma Aldrich). 
The coupon was the weighed using a Mettler Toledo XP205 balance with 0.00001 g 
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resolution. Subsequently, the coupon was placed at a 45° angle inside a filtered spray 
chamber (Fig. 26). 
    
 
Figure 26- Spray chamber for application of grime  
The grime films deposited on the coupon was found to be repeatable and uniform over the 
entire surface. The deposition was faintly apparent at lower mass loadings (g/m2) and more 
noticeable at higher loadings. 
Soiling on photovoltaic modules has proved to be a form of power loss for a variety of 
reasons. The average annual soiling loss can range between 3-6% and 14% annually [16], 
based on the site and environmental conditions as discussed above. Some photovoltaic 
glass includes coatings that are anti-reflective and anti-soiling. Manufacturers claim that 
the coatings can be dust resistant, abrasion resistant and/or self-cleaning. Therefore, there 
is a need to create a standardized method to artificially soil coupons and modules using 
natural elements and cycles and test the effectiveness of anti-soiling coatings etc. ASU-
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PRL has been working towards developing a standard artificial soiling method for 
laminated photovoltaic cells or mini modules [16]. The method must accelerate the 
deposition of soil to simulate deposition in the field. The method will aim to create a 
process that is standardized and deposits a uniform layer of soil on the laminated modules. 
For the study, coupons were prepared, for both monocrystalline silicon and polycrystalline 
silicon cells. The coupons did not contain any AR coating. Soil suspensions were 
formulated artificially by mixing standardized soil or particulate matter, commonly 
referred to as Arizona road dust (ISO 12103-1, A2 Fine Test Dust) with HPLC (High 
Performance Liquid Chromatography) grade acetonitrile. The artificial soiling was 
carried out in a chamber to have a controlled environment. The outer structure of the 
chamber was constructed with extruded aluminum bars and covered with an airbag from 
Sigma Aldrich Corporation. The chamber was placed vertically with an airbag hoisted on 
the outer structure (Figure 27). 
                              
Figure 27- Artificial chamber (60*46*76, in cm) erected vertically (with Glove Bag) 
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Several approaches were experimented with to get a uniform soil layer deposited on  the  
glass superstrate. 
Characterization techniques for indoor soiling: 
The purpose of indoor soil deposition is to check the effect of varied soil layer densities on 
cell performance. A denser soil layer reduces the amount of irradiance incident on a solar 
cell due to losses through transmission from the air/soil interface. 
I-V, reflectance and QE measurements are used to characterize performance before and 
after soiling. Reflectance and QE measurements taken at different points on the soiled 
coupon dictate the uniformity of soiling. At 1100 nm, the drop in the reflectance curve due 
to c-Si material bandgap absorption. Another dip in the reflectance curve is seen at 1700 
nm, due to absorption by EVA (ethylene vinyl acetate). To measure reflectance for the cell, 
we need to compare it to reflectance off glass/EVA/backsheet. To do this we need to 
remove the influence of cell properties from the reflectance measurement. This is done by 
taking reflectance of the white area on the side of the coupon. The white area is a composite 
of glass/EVA/backsheet. Delta (soiled %-cleaned %) for indoor reflectance measurements 
is calculated for each soil density. The slope of the data is calculated and the R2 value is 
determined for all the wavelengths ranging from 400 to 2500 nm. 
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Laser guided spray gun 
A HLVP (High velocity low pressure) gun with a 1mm nozzle from central pneumatic 
was used to deposit the soil layer. A pulse spray was used to improve the uniformity of 
soil deposition. The maximum pressure of the gun was 40 psi, a constant pressure of 20 
psi was maintained for the deposition. 
The spray gun was mounted on a structure to avoid error due to human hand movement 
to get a uniform soil layer. Four microscope slides (2.5×7.6 cm) were placed on four slides 
of the coupon (Fig 28). The soiling density (g/m2) measurements were made using a 
Mettler Toledo (AG 285, resolution 0.001 mg). The soil density was calculated by 
measuring the difference in the weight of the slides before and after soil deposition, 
divided by the area of the microscopic slide. The average of these measurements was 
taken to determine soil density on the mini-module. The standard deviation for soil density 
for each of the soiled coupons was found to be 0.02%. This is an acceptable deviation and 
the soiling layer was determined to be uniform. 
                                                                    
Figure 28- Coupon with microscope slides 
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The results for soil density measurements based on the microscopic slide method 
(Polycrystalline and monocrystalline coupon) are provided in the Table 10 and Table 11.  
Table 8- Isc loss for 144cm2 Poly-Si mini module 
  
 
 
Table 9- Isc loss for 233cm2 Mono-Si single cell coupon 
 
Single Cell 
Coupon 
Soil Density 
(g/m2) 
Isc Loss 
1 0.187 1.4% 
2 0.34 1.3% 
3 0.62 2.4% 
4 0.92 3.8% 
5 1.57 8.1% 
6 1.80 8.2% 
 
Characterization of soiled modules can also be performed by plotting reflectance spectra 
for different AOI and comparing to spectral reflectance for a clean (no soil) module. A 
demonstration of the results was shown in a study by that investigated AOI curves for 
modules of 5 different technologies with identical soil (g/m2) deposited on them. Graphs 
were plotted of soiling density g/m2 against f2(AOI). The plot indicates that if there is an 
identical soil density on the PV modules, then the relative optical response at different AOI 
i.e. f2(AOI) is nearly identical irrespective of the PV technology type (Fig 29).  
Mini Module Soil Density 
(g/m2) 
Isc Loss 
1 0.60 2.0% 
2 0.80 2.3% 
3 1.08 5.5% 
4 1.55 8.2% 
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Figure 29- AOI curves for 0.447 g/m2 soil density 
  
The reflectance spectra from soiled modules shows a change in the visible region due to 
reflectance losses. The spectrum of each technology shows a valley/dip in the spectrum 
towards the wavelengths that correspond to the band gap of the technology (Fig 30).  
 
Figure 30- AOI curves for a soiled mono-Si module 
 
Evolution of soiling loss with artificially deposited dust- IIT Bombay 
The study aimed to artificially deposit soil onto a glass superstrate. The soiling was done 
in a controlled environment and the soil density is varied. Soiling loss for different soil 
densities was calculated. The soil used for the study was collected from different climatic 
regions in India (Fig 31). The test dust was collected from a non-module surface and 
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filtered using a wire mesh of 500 µm. The dust was deposited on a Borosilicate substrate. 
Before deposition, the substrate was cleaned with distilled water and Iso-Propyl alcohol 
and then weighed. The dust was deposited onto the substrate using a spray gun. The gun 
was 20cm from the borosilicate substrate, at an angle of 90° to the surface. The dust 
mixture was placed in the gun and pressurized air was supplied to the gun to spray the 
dust particles onto the substrate. The entire setup was housed in a controlled chamber. The 
pressure is applied and the dust is sprayed at 15 seconds interval until the required density 
is achieved. The uniformity of soil deposition was examined using an optical microscope 
and QE measurements. The methodology for characterization of dust deposition is 
summarized in Fig 32.  
Figure 31- Soil samples for artificial deposition 
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Figure 32- Methodology for artificial deposition and sediment characterization 
The Isc losses were found to range from 4% to 49% depending on the density of soil 
deposition. Clay content and mineral composition of the dust influence performance loss. 
Soil with higher clay content is more tightly packed leading to higher losses due to 
reflection and absorption at the soil/glass interface. The gravimetric density was 
maintained at 1.8 g/cm2 and the quantum efficiency for each soil sample were compared 
(Fig 33).  
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Figure 33- Quantum efficiency loss for samples  
The artificial deposition method needed a few improvements in terms of depositing a 
uniform soil layer. This was caused due to turbulent airflow during the deposition process 
leading to poor sample to sample uniformity and repeatability. 
Development of indoor soiling methods –  Fraunhofer 
Klimm et al. developed two indoor methods for artificial soiling [20]. They were dry dust 
soiling test and dew soiling test. For the dry dust test, dust is dispersed into a test container 
onto AS coated substrates. The settling time for the dust is 3-5 min. The density is 
determined to be 2.05 g/m2. The coating is tested by spraying tap water for 2 mins. The 
results are discussed for various AS coatings. In the dew method, a thin film of water is 
sprayed on the substrate from a distance of 30 cm. This process simulates the morning dew 
conditions. Dry sand is then deposited onto the substrate and the AS coating is tested. 
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Development of a standardized artificial soiling method- ASU-PRL 
Gravity Deposition Method: 
The outer structure for the chamber was made with extruded aluminum bars. The walls of 
the chamber were made from acrylic (polyacrylate) material. The soil dispensing system 
was designed in Solid Works software to the required dimensions and then 3D printed. 3D 
printing was done at ASU on a LulzBot TAZ 5 printer. Polylactic acid, generally referred 
as PLA was used for 3D printing the soil dispensing system. The material is heated 205ºC 
to convert it to molten state and then shaped to the required design on the 3D printer. The 
dispensing system is attached to a sliding mechanism that allows movement in the 
horizontal direction. The sliding mechanism allows movement during deposition and is 
powered by a dc motor. A pulley system with a timing belt is connected to the dc motor. 
Two vibrators are attached to the sliding mechanism to prevent clumping of soil during the 
deposition process. A mesh was placed between the dispensing mechanism and the coupon 
at the bottom of the chamber (Fig 34). The mini module is initially placed in a freezer for 
an hour to deposit a thin film of water onto the surface. This is done to replicate dew 
formation that happens outdoor. The coupon is then placed in the chamber and the process 
is carried out. The sand deposits on the coupon with the assistance of gravity. The 
deposition process is followed by baking the coupon at 65º for 1 hour to ensure the soil is 
stuck to the superstrate. The soil deposition from this method was not uniform and therefore 
not an ideal replication of outdoor soiling. 
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Figure 34- A-Soil dispenser, B-Vibration systems, C- Mesh screen, 
 
The soil layer deposited by the gravity method was non-uniform (Fig 35). The weight of 
the microslides kept on four sides of the coupon was measured. There was a considerable 
difference in weights, confirming the non-uniformity of the soil layer. 
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Figure 35- Gravity Method Uniformity Bar Plot-AZ Dust-1 Cycle 
Uniform Soil Deposition- Dew Deposition Method  
A new method was devised to overcome the short falls of the gravity deposition method. 
In this method, a dust cloud was created within the chamber using a burst of nitrogen gas 
introduced into a dust containing vial. This was done to create a vortex of dust and gas 
above the coupon and allow particles to settle with gravity. The dust cloud will allow 
uniform deposition as opposed to deposition through a mesh. The outer structure for the 
gravity deposition method was retained, along with the plexi glass that formed the outer 
walls of the chamber. A hole of diameter 3/16`` was made on of the acrylic sheets to fit the 
nozzle for the stream of compressed nitrogen gas. Like the gravity deposition method, the 
coupon was initially placed in a freezer for one hour and then transferred to the chamber. 
A burst of nitrogen air was released into the dust vial. The compressed gas creates a vortex 
of swirling gas that mixes with the dust particles. The dust particles then settle on the 
coupon with the help of gravity. The coupon is then removed from the chamber and baked 
at 65ºC for 1 hour. 
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Humid deposition method: Chamber 2 
The humid deposition method is the same as the dew deposition method, except that the 
coupon is not initially placed in a freezer. A humidifier is added to the setup. The humidifier 
supplies humidified air into the chamber through a hole cut in to one of the faces. The 
humid air can condense on the coupon surface. When a burst of compressed nitrogen air is 
released into the dust vial (containing 2g dust), a dust cloud is created in the chamber. This 
dust vortex of swirling gas gets mixed with the humidified air. Gravity helps humidified 
air and dust particles settle on the module. The module is kept in the chamber for 1 minute. 
Subsequently, the module is removed from the chamber and heated (in an oven) at 65°C for 
1 hour. Deposition after 1 complete cycle of the dew deposition method was found to be 
uniform on visual inspection (Fig 36).  
                                
Figure 36- Dew deposition method soiled coupon 
The soil deposition from the humidity method was found to be uniform based on uniformity 
measurements (Fig 37 and Fig 38) using the microscopic slide method. The standard 
deviation of the weight difference for both the methods was found to be 0.02%. The soil 
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density for the humidifier method varied between 0.7 to 1 g/m2 as compared to 1.2 to 1.4 
g/m2 for the dew deposition method.  
 
  
 
 
 
 
 
Figure 37- Dew method uniformity plot 
 
Figure 38- Humidifier Method uniformity plot 
Although soil deposition with the humidifier method was uniform, the process involved 
the use of two separate chambers and the process time was roughly 100 minutes.  
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3.0 METHODOLOGY 
 
3.1 Arizona Road Dust (ISO 12103-1 A2 Fine Test Dust) 
 
Arizona sand has been used traditionally for testing filtration, automotive and heavy 
equipment. Test dust out of Arizona has been used for several industrial applications. To 
manufacture test dust, a standard must be developed. Arizona test dust, previously referred 
to as Arizona road dust, Arizona silica, AC fine and course dusts has had numerous variants 
since 1940. Studies were conducted to settle on a standard for classification and 
manufacture.  The standard is listed under filtration standards and specifications 
under ISO 4548-4.  An acceptable process of manufacture was formulated to get fine 
test dust from Arizona sand (ISO 12103-1, A2 fine test dust nominal 0-80 micron size, 
Powder Technology Inc., Burnsville, MN, USA). The process is as follows: First the raw 
dust is dried in an oven. Then the resulting dry dust is sifted through a 200-mesh screen 
(0.0029 in. width of openings) to isolate the hard particles out. The relatively finer 
sand is then sifted through a 270- mesh screen (0.0021 in. of width opening) to get more 
fine dust. This fine dust is divided into four different grades- ISO 12103-1 A1 ultra-fine 
test dust of 0-10micron size, ISO 12103-1 A2 fine test dust of 0-80-micron size, ISO 
12103-1 A3 medium fine test dust of 0-80-micron size but with a lower 0-5-micron 
content than that of A2 dust and ISO 12103-1 A4 coarse test dust of 0-180-micron 
size. The standardized or particulate matter we use for all the experiments in this study is 
the Arizona road dust (ISO 12103-1 A2 fine test dust). 
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Table 10-Composition of AZ dust (ISO 12103-1, A2 fine test dust nominal 0-80 micron 
size, Powder Technology Inc., Burnsville, MN, USA).  
CAS No. Components Quantity 
14808-60-7 silica (fine dust) 69-77 % 
1344-28-1 a aluminium oxide 2.5-5% 
1305-78-8 calcium oxide (mineral) 2-4% 
12136-45-7 potassium oxide (mineral) 3-6% 
1313-59-3 sodium oxide (mineral) 0.5-1.5% 
1309-37-1 Iron(III) oxide (hematite) 0,5-1% 
1309-48-4 magnesium oxide 0.1% 
13463-67-7 titanium dioxide 0.1% 
 
3.2    Construction of Monocrystalline Silicon Modules 
 
The front (superstrate) of the coupon is made with soda lime glass. The glass is tempered 
and has high transmittance properties. The next layer is Ethelene Vinyl Acetate (EVA - 
Thermoplastic), which is used to encapsulate the mono-crystalline silicon cell and glass. 
It also contains cerium oxide which is a UV absorber. Another layer of EVA is present 
behind the silicon cell, it provides encapsulation between the cell and the back sheet. The 
back sheet is Tedlar. The sample dimensions of the coupon are shown in Figure 39. 
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Figure 39- Mono-crystalline coupon dimensions  
3.3    Heating and Cooling – Peltier Elements 
 
The flow of electrons from a metal is associated with binding energy, which is a function 
of Fermi energy of electrons. When two metals are placed in electric contact with each 
other, electrons from the metal with less bound electrons will flow into the other. The Fermi 
energy represents the energy within the conduction band of metals between the energy 
levels occupied by electrons and the ones that are unoccupied. The flow of electrons 
continues until the electrostatic potential brings the Fermi levels of the two metals to the 
same level. If a closed circuit is made of two dissimilar metals, there will be no net 
electromotive force because the two contact potentials oppose each other. A current will 
flow if there is a temperature difference of one junction with respect to the other. To 
maintain this difference heat must be absorbed from the hot junction so that heat can leave 
the cold junction. This is known as the Peltier effect. 
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A Peltier element (Fig 40) is used to cool and subsequently heat the coupon in the chamber. 
The hot side of the Peltier has a heat sink and fan to rapidly dissipate heat from the hot 
junction (and thereby maintain temperature difference) and drop the temperature of the 
other junction. 
 
 
Figure 40- Peltier Element 60W nominal (12V * 5A), 72W max 
 
 
 
 
 
 
Thermoelectric 
Element 
Heat Sink 
90mm × 
90mm 
Cooling Fan 
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3.5   Humidifier 
 
A standard household humidifier was purchased from Walgreens (Fig 41).  
 
 
Figure 41- Walgreens Cool Mist Humidifier 
The humidifier is connected with a pipe to an inlet that opens into the chamber (Fig 42). 
The amount of humid air added to the chamber is controlled by a humidity and temperature 
sensor (placed inside the chamber). The relative humidity can be controlled using the 
temperature and humidity controller settings. The controller turns off the power to the 
humidifier on reaching the preset condition.   
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Figure 42- Humid air inlet  
3.7    Soil Dispensing Compartment  
 
The soil dispensing compartment was laser cut from an acrylic sheet. The dimensions of 
the compartment are 6*6*3 inches (Fig 43).  
 
Figure 43: Laser cut dust dispensing chamber 
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3.9    Humidity and Temperature Sensor 
 
The temperature and humidity sensor placed inside the chamber is connected to the 
Auber controller (Fig 44). Settings on the controller can be adjusted to control relative 
humidity and temperature inside the chamber.  
 
 
Figure 44: Auber Humidity and Temperature controller 
Specifications of the controller are provided in the table below (Table 12).  
Table 11- Humidity Controller Specifications: 
Temperature Control Range -40~80 °C, -40~176 °F 
Temperature Resolution 
0.1 °C (between -9.9 ~ 80 °C) 
1 °C (between -40 ~ -10 °C) 
0.1 °F (between -9.9~99.9 °F ) 
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1 °F (between -40 ~ -10 °F,100 ~176 
°F) 
Temperature Accuracy 0.5 °C 
Temperature Control Mode On/Off Control. Heating or Cooling 
Temperature Control 
Output 
15A, 120V or 240V AC * 
Humidity Control Range 0~99.9%RH 
Humidity Resolution 0.1%RH 
Humidity Accuracy 3%RH 
Humidity Control Mode 
On/Off Control. 
Humidifying or Dehumidifying 
Humidity Control Output 15A, 120V or 240V AC * 
 
3.10 H Bridge to Reverse Polarity 
 
The H bridge setup shown in Figure 45 was used to reverse the current and switch 
between heating and cooling for the thermoelectric elements. The electrical connections 
were made on the NKK switch (Fig 46). The toggle was flipped to switch between 
modes.  
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Figure 45: Electrical Diagram for reverse polarity switch 
 
 
 
 
 
 
Figure 46: NKK switch toggle 
3.10 Thermally Conductive Adhesive 
 
To ensure efficient heat transfer between the thermoelectric elements and the aluminum 
sheet, it is essential to have good thermal contact (low thermal resistance).  
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Figure 47- Arctic Alumina Thermally conducting Adhesive 
 
Therefore, the thermoelectric elements are mounted on the aluminum sheet using a 
thermally conducting adhesive (Fig 47) to reduce the resistance to heat transfer between 
the two surfaces.  
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3.11 Mounting of 2 Thermoelectric Elements Assembly 
 
The surface of the aluminum sheet was scrapped with sand paper to improve adhesion with 
the thermoelectric elements. The elements were attached to the sheet as shown in Figure 
48 using the thermally conductive adhesive. The parts around the contact were covered 
with insulation.  
 
 
Figure 48- 2 Peltier Assembly mounted on Aluminum Plate 
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3.12 Setup and Assembly 
3.12.1 Setup and Assembly – 2 Thermoelectric Element Method 
The entire setup was placed on a table to facilitate viewing during each cycle. The 
complete setup is shown in Figure 49.  
 
Figure 49 - 2 Setup and Assembly – 2 Thermoelectric Element Method  
 
 
3.12.2 Setup and Assembly – 4 Thermoelectric Element Method 
Following experiments with the 4-thermoelectric method, two more thermoelectric 
elements were mounted onto the aluminum sheet. The 2 additional elements were placed 
symmetric to the first two as can be seen in Figure 50.  
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Figure 50 – 4-Thermoelectric elements mounted on Aluminum Plate 
 
3.13    Soil Density Measurement 
 
The Microscope method was used for soil density measurement. 4 microscopic slides 
(2.5× 7.6 cm) are first weighed on the Mettler Toledo (AG285, resolution 0.001 gm). The 
slides are then placed on each side of the test coupon inside the chamber. The position 
of slides is shown in Figure 51. The soil density is measured by calculating the difference 
in weight of the slides after the soiling cycle. The density (g/m2) is calculated by dividing 
the difference in weight by the area of the slides. This method is used to measure 
uniformity of deposition over the surface of the coupon 
Two additional 
thermoelectric 
elements  
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Figure 51-Layout of Slides for Soil Density measurement (g/m2) 
 
 
3.14   Isc Measurement Using Solar Simulator 
 
The solar simulator works on the principle of sending a beam of xenon light in the spectrum 
range ideal for replicating the solar beam irradiance. The Isc values of the test module are 
measured before and after soiling. For the polycrystalline silicon single cell, the Isc values 
are taken prior to soiling cycles. The coupons are then placed in the artificial soiling 
chamber for soil deposition. The Isc is measured after each cycle of indoor soiling. 
Measurements were also taken after the Wind Test and Water Spray test, described in the 
next section. The coupon is placed in the holder (Fig 52) during Isc measurements.  
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    Figure 52-Indoor Solar Simulator 
 
3.15 Validation and Testing 
 
Dust particles collect on the coupon due to gravity and possibly under electrostatic 
attraction.  The forces that hold particles together are the Van Der Waals force, electrical 
double layer force, the electrostatic image force and for particles deposited in suspension, 
the capillary force.  Condensation of humid air onto the surface of the coupon forms an 
additional liquid layer, that gives rise to the capillary force [21]. Bulk excess charges 
present on the surface give rise to electrostatic image forces and so there exists columbic 
attraction [22].  
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Over time multiple layers are deposited on the surface and there is interlayer friction 
between the layers. Some of these layers slide off when the component parallel to the 
surface (mg sin α) exceeds the interlayer friction [23].  
1.  Wind test – The coupon was placed in front of a fan at four predefined distances to 
simulate wind speeds of 1m/s, 2m/s, 3m/s and 4m/s for 180 seconds. IV curves were taken 
after each exposure. Any significant increase in Isc meant that significant particles were 
dislodged from the deposited layer due to inadequate adhesion of soil particles to the 
coupon surface. The distances for each wind speed were determined using an anemometer. 
The distances were marked out as shown in Figure 53. When the wind force exceeds the 
inter-layer friction for the upper layers of soil particles, the particles are blown off. 
Therefore, the wind speed test is good to test inter-layer adhesion.  
 
 Figure 53-Setup for wind speed test 
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2.  Water Rinse Technique: Following the wind test, the coupon is cleaned using the 
pressurized spray cleaning technique. The coupon is rinsed from top to bottom with a 
pressurized water jet at 35 psi. The cleaning involves one top to bottom movement on 
the left side of the coupon and then the right. This is done twice. A special container was 
used (Fig.54) to ensure the water spray pressure was 35 psi.  The coupon is then baked 
in the chamber for 10 minutes. The technique simulates soiling in the field. On usual 
outdoor exposure, when a soiled coupon is cleaned using the same procedure and 
allowed to bake in the sun, a coat of soil remains on the coupon/module. A similar effect 
is expected to confirm satisfactory soil adhesion/deposition through artificial techniques. 
Visual inspection and Isc measurements were used to validate deposition based on the 
water spray test.  
 
Figure 54 -Container for water rinse technique 
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The water used for the test quickly dissipates charges, which overcomes the static forces. 
The pressure of the jet is not enough to remove all particles. This could be the result of 
the compatibility between water, the contaminant constituents, and the nature of the 
surface [22]. A residue is seen on the surface after baking for 10 minutes post the water 
rinse (similar to that seen in outdoor soiling).  
 
 
 
3.16    Working and Initial Testing:  
 
The sample procedure for soil deposition is as follows –  
 
The initial goal was to deposit a uniform layer of soil on the surface of the coupon. Based 
on ambient temperature within the chamber, dew point was calculated based on standard 
data tables. The coupon was cooled using the thermoelectric elements to a temperature 
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below the dew point. This was the minimum time the coupon needed to be cooled to ensure 
condensation onto the coupon surface. The cooling time however, would need to be 
modified based on the uniformity and thickness of the soil layer at the end of the process. 
The next step in the process is to release humidified air into the chamber to condense on 
the surface of the coupon. Again, the amount of time the humid air would be released into 
the chamber was determined based on the soil layer at the end of the process. The relative 
humidity of the chamber at the time when the humidifier was turned OFF during a cycle 
with optimum deposition, was recorded as the shut off point for the humidity power source. 
This value was used as a set point for the humidity sensor. Similarly, optimum values for 
dust settling time and heating/baking time were determined. Multiple cycles were run 
keeping all the variables constant, except one. The Isc value for the soiled coupon was 
measured at the end of each cycle. In addition, the wind test and pressure spray techniques 
were conducted to ensure the layer had sufficient adhesion and replicated conditions after 
cleaning. 
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4     RESULTS AND DISCUSSION 
 
4.1   2 Thermoelectric Element Method (1 Chamber 2 Peltier) 
 
 4.1.1 Initial Testing and Characterization 
 
 The drop in Isc after each cycle was measured with the indoor flash tester. An IV curve 
was taken after each soiling cycle for a total of three cycles. This initial characterization 
was done to ensure that the process resulted in the deposition of a layer with the necessary 
properties of uniformity and adhesion. The soil deposition after 1 cycle with the initial 
testing procedure outlined in the previous section was uniform (Fig 55).  
  
 
 
 
 
 
 
 
Figure 55-Soil deposition after 1 cycle  
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For the initial testing, heating time, cooling time and humidity parameters were determined 
based on results from the dew deposition and humidifier deposition methods discussed 
earlier (Table 13).  
Table 12: Parameters for initial testing 
Cooling Time 
45 minutes 
Humidity 
80% 
Settling Time 
3 minutes 
Baking Time 
60 minutes 
 
Isc measurements were taken after each deposition cycle to determine the drop in Isc (Fig 
56). 
 
Figure 56-Isc Loss dependence on soil cycles  
The percentage drop in Isc over 3 soiling cycles was 17%. Isc values taken at 28.5º C the 
end of each cycle (Table 14). 
 79 
 
Table 13 – Isc values after each soiling cycle  
The plot (Fig 56) shows the drop in Isc after each subsequent cycle.  The percentage drop 
in Isc after three cycles was 17%. This drop in Isc from one cycle of the experiment (4.7%) 
was very close to 4.02% drop for the longest drought period in Part 1 (February 2 – April 
7, 2016). However, we would have liked for the drop in Isc to be adjustable through process 
parameters as drought periods of 64 days are rare (even in desert region like Arizona). The 
process parameters were varied in subsequent cycles to get closer to a more realistic drop 
in Isc to represent lesser drought days. The soil deposition after 1 and 3 cycles is shown in  
Figure 57-Visualization of uniform soil distribution- 1(left),3(right) soiling cycles 
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The next step was to assess the uniformity of soil deposition over the coupon surface. The 
uniformity of soil deposition was measured using the microscopic slide method. Slides 
were placed on four sides of the coupon and their weight was measured using the Mettler 
Toledo.  The weight was measured before and after the soiling cycles. The individual 
weights for each of the slides was plotted do demonstrate soil distribution and analyze the 
uniformity of deposition (Fig 58) .  
 
Figure 58- Weight difference in slides for one cycle of soil deposition 
Using 2 grams of soil, we got a standard deviation of 0.03% (1 cycle). The soil density 
varied between 1.3 – 1.5 g/m2. These results were comparable to those from the dew and 
humidifier deposition method.  
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4.1.2 Process Parameter Optimization 
 
The initial test runs provided uniform deposition of soil onto the coupon. However, the 
overall cycle time for the process was high. The overall process time for one cycle of 
deposition was found to be 112 minutes (cooling- 45 minutes, baking-60 minutes).  In 
addition, the Isc drop per cycle could be reduced to match more closely with the Isc drop 
for a shorter drought period. To achieve these objectives a series of experimental runs were 
carried out. Each parameter i.e. cooling time, humidity, settling time and heating time were 
varied one at a time keeping the other factors constant. Isc measurement, wind test, water 
rinse test and density measurements were taken at the end of each cycle to determine the 
properties of the deposited layer.  
Optimization of each stage of the process (cooling, humidifier ON time, settling time and 
baking time) was necessary to reduce the overall cycle time. The results after each iteration 
of the optimization process were validated using a two-step procedure (wind speed test 
and water rinse test) to ensure the soil layer was compact and had sufficient adherence to 
the coupon surface. Soil density measurements were carried out using the microscopic 
slide method to determine uniformity of deposition. 
 
 
 
 
 82 
4.1.3    Optimization of Baking Time: 
 
Experimental runs were carried out for different durations of baking time. Isc values were 
measured after each stage of the wind speed test (1 m/s, 2m/s, 3m/s and 4m/s) for 2 
minutes. From the results (Fig 59), we can see that for shorter baking times, there was an 
increase in Isc after the wind speed test.  
 
Figure 59- Isc dependence on baking time  
At wind speeds of 4m/s, many of the loosely bonded particles were dislodged from the top 
layer (for baking times of 8 minutes). The percentage increase in Isc after the wind speed 
test of 4m/s for the 8-minute baking cycle had the highest percentage increase in Isc (Fig 
60). Soil deposited after the 45, 30 and 15-minute cycle had better adhesion, with no 
erosion of particles.  
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Figure 60- Percentage increase in Isc for various wind speeds for each baking cycle 
The percentage increase in Isc was significant at baking times below 15 minutes (2, 3 and 
4 m/s). Above 15 minutes baking time, the percentage loss was much lower and almost 
negligible. As a result, 15 minutes was set as the optimum baking time for the process 
based on the wind speed test. These results were then assessed using the water rinse test.  
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Results from the water rinse test: 
Soil deposition was tested using the water rinse test. The results for the test for 15 minutes 
and 45 minutes were compared (Fig 61 and Fig 62). 
 
 
Figure 61-Effect of water rinse on Isc  
 
Figure 62 -Percentage increase in Isc after water rinse test 
Findings from the water rinse test reveal a larger percentage increase in Isc for coupons 
that are baked for 15 minutes when compared to those baked for 45 minutes (Fig 63). 
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However, both coupons retained a thin layer of soil after the baking process like what is 
seen in the field after rinsing.  From the results, we conclude that 15 minutes baking is 
optimum. 
4.1.4 Optimization of amount of Soil: 
 
Based on previous studies at ASU-PRL using the two-chamber method, 2g of soil was 
determined to be optimum for the required drop in Isc for a single soiling cycle. Based on 
those recommendations and initial testing, 1g, 2g, 3g and 4g of soil were used to 
experimentally determine the optimum amount of soil required for the process. Isc 
measurements were taken after each cycle at 28.5ºC (Fig. 63 and Fig. 64). Baking time for 
all the experiments was 15 minutes.  
 
Figure 63 -Isc dependence on amount of soil  
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Figure 64- Percentage decrease in Isc with amount of soil 
Results from Part 1 of the thesis indicate that for a drought period of 64 days, which was 
the drought period between Feb 2, 2016 and Apr 07, 2016 for Mesa, Arizona, percentage 
soiling losses/day are 0.07%. . This is approximately equal to 4.5% loss in 64 days. From 
the above plot we see, this is roughly the percentage drop in Isc from one cycle for 1g of 
soil.  
This percentage soiling loss/day corresponds for the longest drought period February 2 – 
April 7, 2017 which is 64 drought days. We would like the deposition from one cycle to 
represent a shorter dry spell as drought periods are seldom this long.  From the results (Fig 
64), 1g soil seems like the optimum initial soil quantity based on Isc drop.  
However, results from the wind speed test showed low inter layer adhesion between the 
top layers of soil that caused lose particles to be dislodged with the 4 m/s wind speed test.  
Therefore, the experiment was then carried out with 2g of soil and 15-minute optimized 
baking time and tested with the wind speed and water rinse test.  
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The results for soil deposition with 2g soil and 15 minutes baking for all stages of the wind 
speed test are provided in Figure 65. The wind speed test at 4 m/s showed negligible 
increase in Isc and soil particles had good adhesion (interlayer and to the surface) from 
visual inspection. Atomic force microscopy or some other technique could be considered 
to quantify adhesion forces as part of a future study, although results have not been reported 
in literature[24]. Process parameters were optimized to get a more desirable drop in Isc 
based on results from Part 1. 
Results from the rinse test (Fig 66) showed an increase in Isc and a characteristic thin film 
after 10 minutes of baking (Fig 67).  
 
Figure 65 -Isc drop for cycle with 2g soil and 15 mins baking 
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Figure 66 -  Isc increase post water spray test 
 
Figure 67 - Based on the results, 15 minutes of baking and 2g of soil were determined as 
optimum process parameters.  
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4.1.5 Optimization of Humidity 
 
The levels of humidity chosen for experimentation were 40%, 60%, 80% and 100%. The 
experiments were carried out with 2g soil and 15 minutes baking time. Isc measurements 
show a significant difference for 100% humidity (Fig 68 and Fig 69): 
 
Figure 68 -Isc dependence on relative humidity  
 
Figure 69- Percentage decrease in Isc with relative humidity 
The results for 60% and 80% (Fig 70) humidity were comparable and acceptable based on 
Isc drop requirements and adhesion of soil particles to the coupon based on wind speed and 
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water rinse test. However, 60% humidity was achievable in a shorter time in the chamber 
and reduced the overall cycle time. Hence 60% humidity was chosen as optimum.  
For 99.9% relative humidity (Fig 70), the soil layer formed was flaky and non-uniform. 
Excessive condensation was observed on the surface of the coupon and it took a long time 
to get to 100% humidity. The deposition was visibly different from deposition at 60% 
relative humidity (Fig 71) 
 
Figure 70 – Soil layer with 99.9% relative humidity 
 
Figure 71 -Comparison for soil layer with increased relative humidity 
Flaky soil layer 
formed with 
99.9% RH 
Soil layer 
deposited with 
60% RH 
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4.1.6 Optimization of soil settling time  
To optimize the settling time, the other parameters (cooling time, humidity ON time and 
baking time) were kept constant. The settling time was varied to find an optimum time to 
get the required soil deposition.  
 
TEST CYCLE  
For this cycle, the soil dispensing vial was cleaned between successive cycles. After a 
burst of nitrogen air into the soil dispensing container, some particles may stuck to the 
walls of the container, on the walls of the chamber or left over on the base plate. This will 
influence the amount of soil in the next experimental run. Therefore, the container was 
cleaned after every run. The Isc measurements and percentage drop in Isc per cycle for all 
runs i.e. 0, 30, 60, 120, 180, 240, 300 and 360 are provided in Figure 72 and Figure 73.  
 
Figure 72 -Isc dependence on settling time  
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Figure 73 – Percentage decrease in Isc with variance in settling time 
The above plot shows that the percentage decrease in Isc becomes constant after 3 minutes. 
The Isc drop percentage is constant at approximately 6% after 3 minutes. Soil density was 
uniform as measured by the microscopic slide method. Therefore, 3 minutes was accepted as 
the optimum settling time.  
Based on the experiments performed, each parameter was optimized and an optimum process  
for soil deposition (in terms of process parameters) was determined.  
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4.1.7 Optimized Cycle for 1 Chamber (2 Thermoelectric Elements) Method: 
 
 
Figure 74 – Optimized cycle for 2 Thermoelectric Elements 
 
 
 
 
4.1.8 Discussion: 
 
1) The overall cycle time for the 1 Chamber 2 thermoelectric elements was 50 minutes. 
Although, the dust deposition was satisfactory based on uniformity measurements and optical 
characterization, the overall cycle time was on the higher side.  
2) Non- uniform cooling and heating: During the experiments, it was observed that heating and 
cooling of the coupon was non-uniform because the thermoelectric elements were mounted on 
the lower half of the aluminum plate (Fig 75). The lower half of the soil layer (bottom of the 
coupon in Fig 76) baked quicker that the upper half.  
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Figure 75 – Visualization of non-uniform heating and cooling of the coupon 
Recommendations: 
To tackle the problems mentioned, it was proposed that two additional thermoelectric elements 
be added symmetrically above the original elements. Addition of two more elements would 
reduce the overall cycle time and provide uniform heating and cooling. 
 
4.2 4-Thermoelectric Elements Method: (1 Chamber 4 Peltiers) 
 
4.2.1 Initial testing and Characterization 
 
Process parameters for the 4 thermoelectric elements method were decided based on 
experimental results from the 2 thermoelectric elements method. Knowledge of the process 
made selection of the process parameters a lot easier. A schematic of the initial process can 
be seen in Figure 76. 
 
Non-uniform 
heating 
during dust 
deposition.  
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Figure 76 – Initial parameters for 4-Thermoelectric elements method 
The goal with 4 thermoelectric heating elements was to achieve results comparable to those 
obtained with 2 elements with a substantial reduction in cycle time. Initial runs were carried 
out using the aforementioned process parameters.  
The soil layer deposited during the initial process was satisfactory (Fig 77). This was 
determined based on visual inspection at the end of the wind speed test (Fig 78). Isc values 
were measured after each cycle. The Isc values were taken with the coupon temperature at 
28.5° C for all readings (thermocouple placed behind the coupon).  
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Figure 77-Soil deposition after 1 cycle with 4 thermoelectric element method 
                     
 
Figure 78 -Soil layer after wind speed test at 4m/s for 4 thermoelectric element method 
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The adhesion for the deposited layer was tested with the wind speed test. The tests for 1, 
2, 3 and 4 m/s showed little or no change in Isc values (Fig 78).  
Based on the results of the initial tests, experimental runs were constructed to optimize 
each of the parameters. 
From procedures during the 2-thermoelectric process we realized that dropping the 
temperature of the coupon below dew point took the longest time. Therefore, for 
optimization of the 4-element method, cooling temperature/time was optimized first. 
Optimum soil deposition was achieved when the temperature of the coupon was 13° C or 
lower (temperature was measured by placing a thermocouple on the backsheet of the 
coupon).  
 
4.2.2   Optimization of Cooling time 
 
The parameters for each experimental run of the optimization process are listed in the 
respective tables (Table 15, Table 16, Table 17, Table 18, and Table 19). 
 The temperature of the coupon at the end of the cooling cycle is dependent on the ambient 
temperature. Therefore, all experiments (for process optimization phase) were conducted 
with ambient temperature at 25º C (temperature inside the chamber). Cooling times for the 
optimization process were selected based on estimates to lower temperature below the dew 
point.  
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Dew point for the process was calculated based on the values of relative humidity (70%) 
and ambient temperature (25º C)[25]. For ambient temperature 25º C and relative humidity 
70% the dew point is approximately 17º C.  
 
Cycle 1: 
Cooling Time: 15 minutes 
Cooling Temperature: 11.5° C (recorded)  
Table 14 - Parameters kept constant for cycle 1 cooling optimization  
Ambient Temperature 25°C 
Dew Point 17°C 
Relative Humidity 70% 
Baking Time 15 minutes 
Coupon             Initial             Temp 
(Thermocouple behind coupon) 
24°C 
Coupon              Final              Temp 
(Thermocouple behind coupon) 
70°C 
Result: Isc = 8.30 
 
The Isc values measured at the end of cycle 1, wind speed test (1m/s, 2 m/s, 3 m/s and 
4m/s) and the water rinse test are plotted in Figure 79.  
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Figure 79 - Isc dependence on cooling after wind speed test and water rinse test - Cycle 1 
From the above plot we see, little or no change in Isc measured after the wind speed test 
for 1, 2 and 3 and 4 m/s. From visual inspection, soil deposition on the coupon was uniform. 
Uniformity measurements were performed using the microscopic slide method. The soil 
density varied from 1.90 g/m2 to 2.30 g/m2. Since we achieved results comparable to the 2 
thermoelectric elements method with 15 minutes cooling time, for the next experiment we 
reduced the cooling time. 
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Cycle 2: 
Cooling Time: 12 minutes 
Cooling Temperature: 13° C 
Process parameters for Cycle 2 are provided in Table 16.  
Table 15 – Cycle 2 optimization of cooling time 
Ambient Temperature 25°C 
Dew Point 17°C 
Relative Humidity 70 % 
Baking Time 12 minutes 
Coupon             Initial             Temperature 
(Thermocouple behind coupon) 
24°C 
Coupon              Final              Temperature 
(Thermocouple behind coupon) 
70°C 
Isc 8.35 
 
Soil deposition for cycle 2 showed uniform deposition (Fig 80). Isc measurements were 
recorded at 28.5°C after each cycle. The soil layer had satisfactory adhesion after the wind 
speed test at 4 m/s (Fig 81). A slight increase in Isc was seen after the wind speed test at 4 
m/s but there was no erosion or loosely bonded soil particles on the top surface.  
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Figure 80 - Soil deposition for cycle 2 with cooling temperature 13°C (12 minutes)      
                                             
 
Figure 81 - Soil deposition after cycle 2 subject to 4 m/s wind speed 
 
Uniform deposition observed with cooling time of 12 minutes, a 60% decrease in cooling 
time from the 2 thermoelectric elements method. Soil density measurements carried out 
using the microscopic slide test method showed soil density ranging from 1.90 g/m2 to 
2.20 g/m2. Since we achieved results comparable to the 2 thermoelectric elements method 
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with 12 minutes cooling time, for the next experiment we reduced the cooling time 
further.  
 
Cycle 3: 
 
Cooling Time: 10 minutes 
Cooling Temperature: 13.5° C 
 
Table 16 - Cycle 3 optimization of cooling time 
Ambient Temperature 25°C 
Dew Point 17°C 
Relative Humidity 70 % 
Baking Time 10 Minutes 
Coupon             Initial             
Temp(Thermocouple behind coupon) 
24°C 
Coupon              Final              Temp 
(Thermocouple behind coupon) 
70°C 
 
The Isc values measured after cycle 3 and after each stage of the wind speed test are 
plotted in Figure 82.   
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Figure 82 - Isc dependence on cooling after wind speed test and NREL spray test - Cycle 
3 
Uniform deposition was observed with cooling time of 10 minutes, a 66.6% decrease in 
cooling time from the 2 thermoelectric elements method. The Isc values were satisfactory 
after the wind speed test and showed little or no change in Isc (as seen in Figure 82). The 
soil density measurements showed soil density ranging from 1.90 – 2.30 g/m2. Since we 
achieved results comparable to the 2 thermoelectric elements method with 10 minutes 
cooling time, for the next experiment we reduce the cooling time to 8 minutes.  
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Cycle 4: 
Cooling Time: 8 minutes  
Cooling Temperature: 16° C 
Ambient Temperature 25°C 
Dew Point 17°C 
Relative Humidity 70 % 
Baking Time 8 minutes 
Coupon             Initial             Temp 
(Thermocouple behind coupon) 
24°C 
Coupon             Final             Temp 
(Thermocouple behind coupon) 
70°C 
 
The soil adhesion to the surface was considerably lowered with cooling time of 8 minutes. 
There were loosely bonded particles which reduced the inter layer friction. The measured 
Isc values are shown in Figure 83. Significant increase in Isc is seen after each stage of the 
wind speed test. The cooling time was insufficient to drop the temperature enough to allow 
for sufficient condensation of humid air onto the coupon surface. Therefore, the soil layer 
had reduced adhesion after baking and particles were dislodged during the wind test and 
Isc increased significantly when measured after each stage (Fig 84). A visible reduction in 
the thickness of the deposited layer can be seen after the wind speed test at 4m/s (Fig 85). 
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Figure 83 - Cooling Optimization: Isc values for cycle 4 with wind and spray test  
 
Figure 84 – Soil particles dislodged after wind speed 1m/s 
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Figure 85 – Dislodged soil particles and visible reduction in deposited soil layer after 8 
minutes cooling time for 4- Thermoelectric elements.  
For cycle 4, with 8 minutes of cooling the condensation on the coupon surface was 
insufficient.  Owing to this, the adhesion of soil particles on the surface was poor. 
Therefore, we conclude that 8 minutes of baking time is insufficient to get a uniform 
artificially deposited soil layer on the coupon.  
Hence, the optimum cooling time for the process is 10 minutes.  
 
 
 
 
 
 
 
Dislodged 
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wind test.  
 107 
4.2.3 Optimization of Baking time 
 
From cycle times for the 2-thermoelectric method, baking was the second most time 
intensive process. Therefore, baking time was optimized second. From earlier experiments, 
it was clear that baking in combination with condensation of humid air onto the surface of 
the coupon affects the adhesion of the deposited soil particles. Insufficient baking time 
(lower baking temperature, for 2 thermoelectric element). Addition of 2 thermoelectric 
elements, would mean we could achieve a baking temperature of 65º C - 70º C in shorter 
time and allow the coupon to bake at that temperature. Shorter baking times (effectively 
lower temperatures) resulted in a poor bond between the particles and the coupon. This can 
be easily recognized on visual inspection with lose particles moving over the coupon 
surface or through significant increase in Isc after wind test (Fig 86). Based on these results, 
baking times were selected to ensure that the coupon was baked for adequate amount of 
time at 65° C.  
Baking times were varied between 15, 12, 10 and 8 minutes.  
Cycle 1: 
Cooling Time: 10 minutes  
Baking Temperature: 65° C 
The process parameters for cycle 1 are provided in Table 18. It was observed that 
baking/heating the coupon was a lot easier than cooling the coupon. The coupon 
temperature when measured from the backsheet reached temperatures of 65° C in 
 108 
approximately 6 minutes. This was considerably lower (in minutes) than with the 2-
Thermoelectric elements.  
The Isc values were measured at the end of cycle 1, wind speed test and water rinse test 
are shown in Figure 86.  
Table 17 -Parameters kept constant for optimization of baking cycle 1: 
Cooling Time 10 minutes 
Humidity 70% 
Settling time 3 minutes 
Soil 2g 
 
 
Figure 86 - Baking Optimization: Isc values for cycle 1 with wind and spray test  
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Uniform deposition was obtained with baking for 15 minutes. From Figure 86, we see little 
or no change in Isc for each stage of the wind speed test. Soil density measurement showed 
densities varying from 1.90 – 2.30 g/m2.  Since acceptable results were obtained, 
experiments were carried out with baking times of 12 minutes and 10 minutes. The 
measured Isc values (at 28.5º C) for 12 minutes and 10 minutes baking time are shown in 
Figure 87 and Figure 88, respectively.   
 
Figure 87 - Baking Optimization: Isc values for cycle 2 with wind and spray test  
 
Figure 88 - Baking Optimization: Isc values for cycle 3 with wind and spray test  
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The results from experiments for reduction in baking time were almost identical for 15, 12 
and 10 minutes of baking. As indicated from the plots, the results from the wind speed test 
and spray test show results comparable to the 2-thermoelectric elements method. The soil 
deposition was uniform on the coupon. Soil densities were measured using the microscopic 
slide method and showed on average a variation of 1.90 – 2.30 g/m2.  
Since uniform soil deposition was observed for baking time as low as 10 minutes, we 
further reduced the baking time to 8 minutes. The measured Isc results are shown in Figure 
89. 
As seen in the plot below, for a baking time of 8 minutes, the Isc increase was significant 
after each stage of the wind speed test. Some particles were loosely bonded on the top 
surface. Substantial erosion of particles was noticed after the 4 m/s wind speed test. We 
concluded, that the coupon was not allowed to bake for long enough at 65º C.  
 
Figure 89 - Baking Optimization: Isc values for cycle 4 with wind and spray test – 4 
thermoelectric elements 
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The results from 8 minutes baking time were not satisfactory. 10 minutes was finalized as 
the optimum baking time for the process. A reduction in baking time of 33% as compared 
to the 2-thermoelectric element method.  
4.2.4 Optimization of Humidity 
 
Relative humidity was optimized in the experiments that followed. The cycles were carried 
out with optimized parameter values for cooling time and baking time. Settling time was 
maintained at 3 minutes in keeping with the previous experiments. The constant process 
parameters are provided in Table 19.  
Table 18- Parameters kept constant for humidity optimization cycle 1 
Cooling Time 10 minutes 
Baking time 10 minutes 
Settling time 3 minutes 
Soil 2g 
 
Humidity was varied between 60%, 65%, 70%, 80% and 100% for the runs.  
Based on experimentation for the 2-thermoelectric method, we understood that a RH of 
60% - 70% was optimum. An additional cycle of 65% between 60% and 70% was selected 
to look at deposition within this range. Figure 90, shows the results obtained for cycle 1 
with humidity of 60%. Isc values were recorded after the deposition and after each wind 
speed test stage (measurements were taken at 28.5º C coupon temperature).  
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Figure 90 -Humidity Optimization: Isc values for cycle 1 with wind and spray test  
The values for Isc over the 3 m/s and 4 m/s wind speed test were not as stable as expected. 
There were a few lose particles on the surface, as humidity of 60% was achieved relatively 
quickly and there wasn’t sufficient condensation of humid air onto the surface of the 
coupon. In cycle 2, the humidity was increased to 65%. The results of Isc measurements 
are in Figure 92.  
 
Figure 91 - Humidity Optimization: Isc values for cycle 2 with wind and spray test 
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The values for Isc over the 3 m/s and 4 m/s wind speed test were stable as compared to 
60% humidity (Fig 86) with little or no change in Isc. Uniformity of soil deposition was 
measured using the microscopic slide method. Soil densities ranged between 1.90g/m2 – 
2.30g/m2 like those obtained with optimized cooling and baking time.  Test runs were 
carried out for 70% to test whether results at higher relative humidity showed 
significantly better soil adhesion under the wind speed test. Since increased humidity 
would increase the cycle time of the process.  
Figure 92, shows the results for cycle 3 of humidity optimization.  
 
Figure 92 - Humidity Optimization: Isc values for cycle 3 with wind and spray test  
The values for Isc for 70% humidity were similar to those observed at 65% RH. Soil density 
measurements for 65% and 70% relative humidity were the same (1.90g/m2 – 2.30g/m2) 
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and either of them could be used as optimum RH. However, 65% RH was achieved in a 
shorter time and reduced the overall cycle time further. Hence, 65% relative humidity was 
selected as optimum.  
A last experimental run was carried out for 99.9% relative humidity. The results are plotted 
in Figure 93.  
 
Figure 93 - Humidity Optimization: Isc values for cycle 4 with wind and spray test  
 
Soil deposition with 99.9% humidity is very poor (in terms of density of soil layer g/m2). 
Excessive water condenses on the coupon which affects the dust as it settles on the 
surface. The soil layer formed at the end of baking is flaky and Isc is only reduced to 8.7 
A (Fig 94).  
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Figure 94 – Flaky soil deposition with 99.9% relative humidity 
 
4.2.5 Optimization of Settling Time 
 
Based on the nature of the process, settling of dust is followed by baking. Essentially, 
particles continue to settle on the surface after the baking process has started. There is still 
a minimum settling time required so that sufficient dust settles on the coupon before baking 
begins. 2 minutes was determined as optimum settling time. The Isc values are constant 
beyond the settling time of 2 minutes. Hence, 2 minutes was optimized as the optimum 
settling time.  
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4.2.6 Optimized Cycle for 1 Chamber (4 Thermoelectric Elements) Method: 
 
 
Figure 95 – Optimized Cycle for 4 Thermoelectric Elements Method 
 
The overall reduction in process time with the addition of two thermoelectric elements was 
49%. The overall cycle time was reduced to roughly 27 minutes. This cycle time may vary 
based on the ambient humidity while conducting the experiment.  
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4.2.7 Soil density measurements and Optical characterization for optimized method: 
 
Reflectance measurements were taken for the clean and soiled coupons. The reflectance 
was compared for the 350 – 2500 nm range using the Field Spec 4 – High resolution 
Spectro radiometer (Appendix A). Position for measurements is demonstrated in Figure 
96.  
 
 
 
Figure 96 - Position for Reflectance measurements on a soiled coupon 
Top of 
Coupon 
measurement 
Center of 
Coupon 
measurement 
Bottom of 
Coupon 
measurement 
 118 
 
Figure 97 -Spectral Reflectance curve for Clean Coupon 
The spectral reflectance curve (Fig 97) shows absorption in the 350 – 1100 nm range, as 
indicated by the absence of peaks for this range in the plot.  Percentage reflectance 
increases after 1100 nm which is above the band gap for a silicon semiconductor. The 
increased reflectance we see after the 1100nm mark is the characteristic response for EVA 
used for encapsulation.  
Reflectance measurements were taken after soiling in the artificial chamber. We expect 
absorption by soil particles within the 350 – 1100 nm wavelength range but that will not 
be indicated on the reflectance curve. Any reflectance off the soil particles will be seen as 
an increase in percentage reflectance for a wavelength of the spectrum. In order to find the 
amount of light absorbed by the soil layer we will combine reflectance and quantum 
efficiency measurements [26].  
 
0%
5%
10%
15%
0 500 1000 1500 2000 2500 3000
R
ef
le
ct
an
ce
 (
%
)
Wavelength
Spectral Reflectance - Clean coupon
Centre Bottom Top
 119 
Reflectance Measurements were taken at three regions on the clean coupon and compared 
to measurements taken at the same points on the soiled coupon (Fig 98 and Fig 99). The 
curves show increased percentage reflectance in the 350-1100 nm range. The clean coupon 
shows under 1% or less percentage reflectance in the 350-762 nm range. With zero 
percentage reflectance between 350-535 nm range. However, the soiled coupon shows 4% 
or more reflectance over the entire 350-1100 nm range (Fig 100).  
  
Figure 98 -Comparison of percentage spectral reflectance soiled vs clean (top) 350- 
1100nm 
 
Figure 99-Comparison of percentage spectral reflectance clean vs soiled (center) 350-
1100nm 
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4.2.8 Soil Density and Uniformity Measurements  
 
The soil density was measured using the microscopic slide method. The slides were placed 
as shown in the figure below:  
 
Figure 100 -Slide placement for microscopic slide method 
The slides were marked Left, right, top and bottom based on the position on the coupon. 
Weight measurements were taken before the soiling process using the Mettler Toledo 
(AG285, resolution 0.001 gm). The weight measurements after the soiling process were 
converted to density measurements (g/m2) to assess uniformity of deposition.  
Figure 101, shows the comparison for weight difference before and after soiling for each 
of the slides in the microscopic slide method. A summary of weights measured before 
and after soiling are provided in Table 20.  
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Figure 101 - Sample representation of measurement before and after soiling 
 
Table 19 - Summary of results for microscopic slide method 
Slide Position  Weight before soiling (g) Weight after soiling (g) 
Left 4.7380 4.7416 
Right 4.625 4.629 
Top  4.5731 4.5759 
Bottom 4.7198 4.7246 
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The weight of soil as measured at the top, bottom, left and right of the coupon were compared 
(Fig 102).  
 
Figure 102 - Soil weight distribution plot  
The standard deviation for the difference in weight is 0.001(rounded to the nearest), which 
shows that the deposition is uniform over the surface of the coupon. The dimensions of the 
microscopic slide were 0.076m × 0.025m. The density of deposited soil for each of the slides 
was calculated (Table 21). Soil density was measured in g/m2. The total area of the slide is 
0.0019m2. Soil density for each slide was measured and the standard deviation was determined 
to gauge uniformity of deposition.  
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Table 20: Results summary for 4 thermoelectric elements method 
Slide Position Density 
Left 1.89 g/m2 
Bottom 2.2 g/m2 
Top 1.57 g/m2 
Right 2.52 g/m2 
Standard Deviation:  0.35 
 
The soil density varied from 1.90 g/m2 to 2.52 g/m2. The standard deviation was 0.35. 
Based on the results the soil deposition was uniform with an acceptable standard 
deviation.  
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4.3 Design of Experiments 
 
Based on the initial experimentation, factors were decided to perform a full factorial design 
of experiments. This was done to analyze the effect of each factor on the response (Isc).  
Two levels were determined based on initial experimentation for each of the factors. For a 
full factorial design of experiments the number of runs is based on the value of 2k. Where 
‘k’ represents the number of factors considered.  
For the design, the factors selected were cooling time, soil (g), Relative humidity (Rh) and 
Baking time. A low level and high level were chosen for each of the factors based on 
previous results and are provided in Table 22. Using the 2k system for full factorial design 
of experiments, this gives us a total of 24, which is 16 runs. The run order was random and 
is listed in Table 23. Each experiment was performed on the same day to maintain identical 
ambient temperature during each run. Isc values were measured at 28.5 º C. The soil 
container was cleaned after each experiment. The coupon was allowed to cool to 24º C 
after measurement of Isc (then the next run was conducted).  
Table 21- Levels for the full factorial DOE  
Factor Low Level (-1) High Level (+1) 
Cooling Time 15 minutes 10 minutes 
Soil (g) 1 g 3 g 
Humidity (Rh) 60 68 
Baking time 10 minutes 15 minutes 
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Table 22 – Randomly decided run cycle 
Run 
Number Temp Soil (g) Humidity Bake 
1 15 3 68 15 
2 10 3 68 15 
3 15 1 68 15 
4 15 3 60 15 
5 15 3 68 10 
6 10 1 68 15 
7 15 1 60 15 
8 15 3 60 10 
9 10 3 68 10 
10 10 1 60 15 
11 15 1 60 10 
12 10 3 60 10 
13 10 1 68 10 
14 10 3 60 15 
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15 10 1 60 10 
16 15 1 68 10 
 
All the runs were carried out in the space of two days to ensure similar conditions during 
running the experiment. The ambient temperature during all the runs was 25° C. The 
response for the DOE was Isc. The Isc was measured on the sun simulator. After each run, 
the coupon was allowed to cool to a temperature of 28.5°C for measurement of Isc. The 
results of each run were tabulated and process through JMP software for analysis of design 
of experiments. The results were plotted on normal plot (Fig 103). 
 
Figure 103 -Normal Plot for analysis of influence of factors 
The normal plot shows amount of soil (g) as the most significant factor that influences the 
response variable Isc. The points that are on either side of the line represent noise and 
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signify that none of the other factors have a significant effect on the experiment. We will 
look at the Pareto chart and P-values of each factor to get a better understanding (Fig 104).  
 
Figure 104 -Pareto Chart for significance of factors 
The Pareto chart confirms that amount of soil (g) is the only significant factor. We can see 
from the chart that interaction between A (Cooling temperature) and D (Baking time) &   
A (Cooling temperature) and C (Humidity) are not significant.   
For further analysis, we use the parameter estimate plot by JMP (software). In the plot (Fig 
105), we see that X2 (amount of soil in g) is the most significant factor. This result is 
comparable to our initial analysis.  
We look at the p – values to assess this further. 
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Figure 105 - Results from analysis of full factorial model  
X1- Cooling Time, X2- Amount of soil, X3- Humidity, X4- Baking Time  
The p-values suggest that amount of soil used in the experiments is the significant factor. 
These results are based on the target variable, which in our case is Isc.  
To look more closely at the influence of other factors and the significance of interactions 
between factors, we analyze the half-normal probability plot (Fig 106).  
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Figure 106 - Half Normal plot for analysis of factors 
From the plot, X2 and the interaction between X1*X4 are significant. We conclude that 
amount of soil and the interaction between cooling time and baking time are significant 
factors in the experiment. However, based on hierarchy rules for DOE, we include the 
factors X1 (cooling time) and X4 (baking time) as the interaction between these factors is 
significant.  
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4.4 Soiling Results with Collected Soil  
The indoor soiling was carried out using the following optimized cycle (Fig 107). The 
amount of soil was varied based on the nature of the soil available. Since from the DOE 
we have seen that amount of soil is the most important factor for reduction in Isc when 
measured after the soiling process.  
 
Figure 107 – Soiling process for collected soil 
 
4.4.1 Arizona Collected Soil: 
Soil was collected by scraping off dust from modules in the field. Cycles were run by 
varying the amount of soil. Isc was measured after every cycle and the coupons were 
subjected to the wind speed test. Soil deposition was found to be uniform after cycles 
with 2g, 3g and 4g (visual inspection). With 2g of soil, some lose particles were 
dislodged from the top layer during the wind speed test at 4m/s. Soil deposition with 4g 
of dust showed the best deposition (Fig 108). Isc values were measured at 28.5º C after 
each cycle of soiling (Fig 109). 
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Figure 108 - soil deposition AZ collected soil – Optimized process 4g soil 
 
Increasing the amount of soil reduces the Isc measured at the end of the cycle. The results 
are compared to Isc drop with Arizona fine dust (Fig 110). The results show higher 
percentage reduction in Isc for Arizona fine dust. This was evident from visual inspection 
as well, AZ collected soil had a thinner coat of soil deposited as compared to AZ fine dust 
with 2g initial soil.  
 
 
Figure 109 -Dependence of amount of soil on Isc (AZ collected soil) 
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Figure 110 -Drop in Isc for amount of soil AZ fine dust vs AZ collected soil 
Soil Density Measurements AZ Collected soil  
The results from weight measurements were comparable to results for AZ fine dust (Fig 
111). The soil density however was lower. The soil density ranged from 1.15g/m2 to 
1.57g/m2 for AZ collected dust as compared to AZ fine dust with 1.90 g/m2 to 2.52 g/m2. 
Figure 109, shows the weight measurement after soil deposition for each slide position.  
 
Figure 111 -Weight difference for AZ collected soil for microscopic slide test 
The soil density with AZ collected soil was lower than AZ road dust because collected 
soil from modules is finer than AZ road dust [27] 
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4.4.2 Denver Collected Soil  
 
Ground soil was collected from Denver, Co during a field trip. The soil was transported 
back in a plastic zip lock bag. This soil was used in the artificial soiling chamber to check 
for uniformity of deposition. Soil characterization for the collected soil will be sent to a 
laboratory for characterization and will be a part of future work.  
Soiling was carried out using 2g, 3g, 3.5g and 4g. Isc measurements were taken at the end 
of each cycle (Fig 112).  
 
Figure 112 -Isc dependence on amount of soil for Denver collected soil 
The percentage drop in Isc for Denver soil was lower than for AZ fine dust. The soil 
particles for soil collected from Denver formed a thinner coat (visual inspection) as 
compared to deposition with 2g AZ fine dust (Fig 113).    
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Soil particles were dislodged from the top layers in the wind speed test at 4 m/s with 2g 
of soil. This result was like those with AZ collected soil under identical process 
parameters. Soil density measurements were taken using the microscopic slide method 
for deposition with 2g of soil.  
 
                                    
Figure 113 - Soil deposition for Denver Soil – Optimized process 2g  
 
Soil Density Measurements Denver collected soil 
The results from weight measurements were comparable to results for AZ fine dust (Fig 
114). The soil density however was lower. The soil density ranged from 1.05g/m2 to 
1.73g/m2 for Denver collected soil. It was 1.15g/m2 to 1.57g/m2 for AZ collected dust and 
1.90 g/m2 to 2.52 g/m2 for AZ fine dust.  
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Figure 114 -Soil weight distribution using microscopic slide method – 2g soil  
4.4.3 San Francisco Collected Soil: 
 
Artificial soiling was carried out with soil collected from San Francisco. The soil particles 
collected were extremely fine (from visual inspection), as compared AZ fine dust (soil 
samples have been sent to NREL for characterization and details will be included in the 
Appendix or in future work).  
For the deposited layer (2g), the soil density was extremely low and formed an almost non-
distinguishable coat on the coupon surface. Most of the deposited soil was eroded off the 
coupon with the wind speed test at 4m/s (validated by visual inspection and Isc 
measurements before and after the test).  
To optimize the deposition with SFO soil, we decided to run cycles by increasing the initial 
grammage in the dust container (based on DOE). Cycles per carried out with the same 
process parameters for cooling time, settling time and bake time (Fig 103). The initial 
weight of the soil was varied between 2g and 10g with an increment of 2g per cycle. Isc 
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measurements were taken at the end of each cycle (coupon was at 28.5°C during 
measurements). The results for Isc measurements for 2g, 4g, 6g, 8g and 10g are shown in 
the comparative graph in Figure 113. 
Uniform soil deposition was observed with 10g of soil (Fig 115). Below 10g, a large 
quantity of deposited particles were dislodged with the wind speed test at 4 m/s. However, 
10g initial soil, drop in Isc was significantly lower after the wind speed test at 4 m/s.  
 
 
                                     
Figure 115 -Soil deposition for SFO collected soil with 10 minutes settling time.  
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Figure 116 -Isc dependence on amount of soil for San Francisco collected soil 
The Isc values decreased with increase in amount of soil (Fig 116). The drop in Isc reached 
an almost constant value of 8.35A at 10g. From the nature of the deposition (indoor soiling 
setup), lighter particles would need longer time to settle after the dust burst.  
Therefore, effect of settling time on SFO collected soil deposition was probed in 
subsequent experiments. The amount of soil was kept constant at 3.5 grams. Isc readings 
were taken at the end of each cycle. The coupons were subjected to the wind speed test at 
4m/s and another Isc reading was taken after (Fig 117). All Isc readings were taken at a 
temperature of 28.5°C.  
The settling time used for the runs was- 10 minutes, 8 minutes, 6 minutes, and 4 minutes.  
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Figure 117 -Isc change before and after wind test for varied settling time 
The Isc values decreased with increase in settling time (Fig 117). There was a small 
increase in Isc after the wind speed test at 4m/s for each variation ion settling time. Which 
eluded to satisfactory soil deposition and adhesion (based on previous results). From this 
we could conclude that for SFO collected soil, increased settling time aided deposition onto 
the coupon.  This was only true to a point, after 30 minutes of settling time the Isc measured 
was almost constant.  
The difference between deposited soil layer for 2g soil with AZ fine dust and SFO collected 
soil is evident from visual inspection (Fig 118). The coupon with SFO deposited soil is 
placed under a light source to increase reflection and make the particles visible.  
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Figure 118– Soil layer after 1 cycle- AZ fine dust (left) vs SFO collected soil (right) 
 
A summary of findings from experiments done with collected soil are provided in Table 
23. The findings are based on soil density measurements are based on least amount of initial 
soil (g) required to deposit a uniform layer of soil (subject to wind test at 4m/s).  
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Table 23 - Summary of results for collected soil: 
Soil Type Density Range Conditions (cooling time 
10 mins, baking time 10 
mins Rh=65%)  
AZ fine dust 1.90 g/m2 to 2.52 g/m2  2g initial soil  
AZ collected dust 1.15g/m2 to 1.57g/m2 2g initial soil 
Denver collected dust 1.05g/m2 to 1.47g/m2 3.5 g,  
Increased settle time (10 
minutes) 
 
 
4.4.4 Soil deposition with under 2g of Arizona fine dust 
 
Soil deposition was carried out for 0.2, 0.4, 0.6, 0.8, 1 g and 2g of AZ fine dust (Fig 119). 
The results are presented in the comparative graph in the figure below. Soil deposition was 
minimal for 0.2g and 0.4g and is indicated by a small decrease in Isc.  
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Figure 119 – Isc dependence on amount of soil- 2g and below 
The percentage decrease in Isc for soil below 1g is shown in Figure 120.  
 
Figure 120 – Percentage decrease in Isc for amount of soil below 1g 
The percentage decrease in Isc for 2g and below was plotted to check for linearity of 
decrease based on increase in soil (Fig 121).  
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Figure 121 – Linear dependence of Isc on amount of soil – 0.2, 0,4, 0.6, 0.8,1g and 2g 
The R2 value shows a strong linear trend between amount of soil and percentage decrease 
in Isc.  
Amount of soil can be varied to get required drop in Isc and accelerate soiling on coupon.  
 
 
 
5 CONCLUSIONS 
 
2-Thermoelectric elements: The soil deposition with this method was uniform. However, 
the cycle time for deposition was on the higher side. In addition, with 2 elements placed at 
the bottom of the aluminum plates the heating and cooling of the coupon was non-uniform, 
which affected the uniformity (g/m2) of deposition.   
4-Thermoelectric elements: Uniformity of deposition was improved with the 4-
Thermoelectric elements method. The soil densities varied from 1.92 g/m2 to 2.52 g/m2 for 
one cycle with 2g soil sample. The process cycle time was significantly reduced from that 
of the 2-Thermoelectric elements method. The issue of non-uniform heating/cooling was 
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alleviated since the elements were placed symmetrically and covered the entire aluminum 
plate.  
A summary of deposition is provided in Table 24. 
Table 24 – Summary of results for soil deposition with AZ reference dust in 1 cycle 
AZ Dust Weight (g) Soiling Loss (%) Calculated 
Equivalent Drought Days 
 (based on Part 1 results of 0.07%/Day)  
2 6.2 88 
1 4.5 64 
0.8 3.9 55 
0.6 3.9 55 
0.4 0.7 10 
0.2 0.1 1.5 
 
 
 
Based on results from the DOE, the process parameters can be varied to achieve different 
values of Isc and thickness of soil deposition. Conditions in the chamber can modified to 
simulate different climatic conditions and accelerate soiling. Soiling has been performed 
using soil collected from various parts of USA, these experiments can be conducted under 
conditions that are similar to environmental conditions in those regions.  
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All the experiments were conducted with the coupon placed at zero tilt. The soiling can be 
performed to replicate environmental conditions, use regional soil and set tilt angle of the 
coupon to match tilts of installations.  
Soiling on the coupon level can be used to check the accuracy of softwares that use 
predictive models to calculate soiling losses and degradation over time (if any).  
Some adjustments can be made to the nozzle through which compressed air is released into 
the soil container. This will increase the number of particles of soil thrust into a burst cloud 
and thus the amount of soil deposited on the coupon.  
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5.1 Future Recommendations:  
 
1) Automation:  The entire soiling process can be automated using an Arduino board to 
program the cycles and control the thermoelectric cooling/ heating elements. This would 
mean minimum operator handling and ensure uniformity in each experimental run.  
2) Quantum efficiency measurements: For suture work, quantum efficiency measurements 
can be take along with spectral reflectance measurements to determine the amount of 
incident light absorbed by the layer[11].  
4) Soil deposition can be carried out for soil from different countries with conditions in the 
chamber selected to replicate environmental conditions.  
3) The adhesion pull-off force for each soil deposition cycle can be measured using an 
AFM [24]. The pull-off force can be equated to wind speeds that can overcome inter layer 
friction and erode the deposited soil particles. This would provide useful information for 
dust removal in windy regions.  
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APPENDIX A 
 
  SOIL CHARACTERIZATION AND COLLECTION 
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AZ road dust chemical composition and particle size 
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Soil collected from the bottom of a module 
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R code for Time Series analysis 
 
library(ggplot2) 
library(reshape) 
shalA <- read.csv("shalA.csv") 
shalB <- read.csv("shalB.csv") 
shalC <- read.csv("shalC.csv") 
shalB <- subset(shalB, is.na(shalB$B0)==0) 
shalC <- subset(shalC,is.na(shalC$C0)==0) 
datA <- merge(shalA,shalB) 
dat <- merge(datA,shalC) 
dat <- subset(dat, select = c(Time,B0,B30,B45)) 
names(dat) <- c("Time", "0 Degree Tilt", "30 Degree Tilt", "45 Degree Tilt") 
dat_melt <- melt(data = dat,id = "Time") 
p <- ggplot(data = dat_melt,aes(x=Time, y=value,colour = variable,group = 
variable))+geom_line(lwd = 1.2) 
p <- p + xlab("Time Period from October 2015 - September 2016") + ylab("SLF Value") 
+ ggtitle("Time Series Plot for SLF dependence on AOI for the 0, 30, 45 Degree 
Tilt",subtitle = "Time slot: 12:00 PM- 1:00 PM") + theme(legend.title = element_blank()) 
p 
 
 
 
 
 
 
 
 
